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Abstract
Magnetic force microscopy (MFM) is a widely-used technique for measuring the local mag-
netic properties of a variety of materials. This method covers a large ﬁeld of applications
ranging from fundamental research of micro-magnetic phenomena to industrial applications
in the development of magnetic recording components.
The image formation in MFM measurements is based on the magneto-static interaction
of a sharp magnetic tip with the probed sample. Despite the fact that MFM is quite
easy to perform, image interpretation remains challenging. This is due to the accurate
characterization of the probing tip that is needed for a quantitative interpretation of the
MFM data in terms of the local magnetic properties of the sample.
This thesis examines the fabrication and utilization of special MFM probes based on
single ferromagnetic nanoparticles as the magnetically interacting element. A magnetic
probe that consists of a very small magnetic single-domain particle can be accurately
described by a magnetic point dipole. Such a probe potentially yields an improved lateral
resolution and a simpliﬁed quantitative interpretation of MFM images compared to a
standard thin-ﬁlm coated MFM tip.
First of all, one part of this thesis examines the fabrication of suitable single-domain
particles. In particular, this part is focussed on experiments concerning the protection
of these particles from oxidation in ambient conditions. To this end, these ferromagnetic
particles were coated with gold using the light-induced deposition of gold in a photoactive
metal-salt solution. The chemical surface passivation of the particles by the gold coating
was veriﬁed using diﬀerent techniques (SQUID, MFM).
In the next step, these particles were mechanically aﬃxed to a standard silicon tip of
atomic force microscopy (AFM). The controlled attachment of a single particle, as well as
the attachment of multiple particles to such a Si-AFM tip was demonstrated.
Another part of the thesis examines the magnetic imaging with particle based probes in
MFM experiments. A minimum of four cobalt particles aﬃxed to the tip was determined
as the threshold for obtaining a reasonable MFM signal. It was possible to image the
magnetic domain structure of a hard disk drive sample with these particle probes. Using
a simulation of the MFM data, the orientation and the position of the eﬀective tip dipole
were determined. The eﬀective dipole moment of the tip is found by a calibration experi-
ment assuming a magnetic dipole-dipole interaction between the tip and another magnetic
particle.
Kurzdarstellung
Die magnetische Rasterkraftmikrsokopie (MFM) ist eine weit verbreitete, hochauﬂösende
Messmethode zur Untersuchung der lokalen magnetischen Eigenschaften verschiedenster
Materialien. Das Anwendungsgebiet dieser Methode reicht von der grundlegenden Er-
forschung magnetischer Phänomene auf der sub-m Skala bis hin zur industriellen Anwen-
dung im Bereich der Entwicklung magnetischer Speichermedien.
Die bildgebenden Eigenschaften der magnetischen Rasterkraftmikroskopie beruhen auf
der magneto-statischen Wechselwirkung zwischen einer scharfen magnetischen Messspitze
und der untersuchten Probe. Trotz der vergleichsweise sehr einfachen Handhabung dieser
Messtechnik, bleibt die Interpretation der gewonnenen MFM-Aufnahmen bis heute schwierig.
Der Grund hierfür liegt darin, dass die Sondenspitze sehr gut charakterisiert sein muss, um
sicher von den gemessenen MFM-Daten auf die lokalen Eigenschaften der Probe zurück zu
schließen.
Diese Dissertation untersucht daher die Herstellung und Anwendung spezieller MFM-
Sondenspitzen, welche auf einzelnen ferromagnetischen Partikeln als magnetisch wechsel-
wirkender Teil der Sonde beruhen. Verwendet man hierbei hinreichend kleine Partikel,
welche aus einer einzelnen magnetischen Domäne bestehen, dann lässt sich eine solche
Sonde in guter Näherung als magnetischer Punktdipol beschreiben. Von diesen Eigen-
schaften verspricht man sich, im Gegensatz zu standardmäßig verwendeten MFM-Spitzen,
welche auf magnetischen Dünnschichten basieren, eine verbesserte laterale Auﬂösung und
vor allem eine deutlich vereinfachte quantitative Auswertung von MFM-Daten.
Ein Teil der Disseration beschäftigt sich zunächst mit der Herstellung geeigneter Einzel-
domänenpartikel. Insbesondere sind Untersuchungen zum Schutz der Partikel vor Oxi-
dation an Luft Inhalt dieses Teils. Zu diesem Zweck wurden die ferromagnetischen Par-
tikel mit einer dünnen Goldschicht umhüllt. Hierbei wurde die Abscheidung von Gold in
einer photoaktiven Goldsalzlösung unter Beleuchtung ausgenutzt. Die chemische Ober-
ﬂächenpassivierung der Partikel durch die Goldhülle konnte mithilfe verschiedener Metho-
den (SQUID, MFM) nachgewiesen werden.
Im nächsten Schritt wurden diese Partikel durch mechanische Kontaktierung an eine
entsprechend präparierte Sondenspitze aus Silizium angeheftet, wie sie standardmässig für
die Rasterkraftmikroskopie (AFM) verwendet wird. Die gezielte Anbringung von einzelnen,
als auch von mehreren Nanopartikeln an eine solche Si-AFM Spitze konnte demonstriert
werden.
Ein weiterer Teil der Dissertation untersucht schließlich die magnetische Bildgebung in
MFM Messungen unter Verwendung der präparierten Partikelsonden. Es zeigte sich, dass
iv
mindestens vier Partikel aus Kobalt an eine Spitze angebracht werden mussten, um ein
verwertbares MFM-Signal mit dieser Sonde zu messen. Es konnte gezeigt werden, dass
die Abbildung der magnetischen Domänen auf einer Festplatte mit einer Partikelsonde
gelingt und die Orientierung, sowie die relative Position des eﬀektiven Spitzendipols aus
einer Simulation der MFM-Daten ermittelt werden kann. Eine Kalibrierung des Dipolmo-
ments der Spitze wurde unter der Annahme einer Dipol-Dipol-Wechselwirkung zwischen
der Spitze und einem weiteren magnetischen Partikel durchgeführt.
v
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1. Introduction
Magnetism has aroused humankind's spirit of research for thousands of years. The ﬁrst
descriptions of magnetic materials date far back to the ﬁrst century B.C. in ancient Greece.
So-called lodestones, rocks that contain the magnetic mineral magnetite (Fe3O4), were
known to miraculously attract iron. According to one historical account, the origin of
the word 'magnet' was in the province of Magnesia in Asia Minor where this mineral was
mined [1].
Starting with these early observation, the understanding of these 'miraculous' magnetic
phenomena was continuously extended throughout the centuries. William Gilbert is
often regarded as a pioneer in the scientiﬁc investigation of magnetism. In his classic book
De Magnete, published in 1600, he ﬁrst formed a clear picture of earth's magnetic ﬁeld
and disposed of many superstitions about magnetism [2].
However, it was not until the 20th century that the understanding of the inner micro-
scopic structure of magnetic materials was established. The existence of magnetic domains
was ﬁrst predicted theoretically by Pierre-Ernest Weiss in 1907 [3]. Another 24 years
elapsed before these micro-structures were ﬁnally imaged at the surface of a magnet by
the Bitter colloid method in 1931 [4, 5].
Since then, several other methods for microscopically observing magnetic structures
have emerged, e.g. the magneto-optical Kerr microscopy or neutron diﬀraction. Magnetic
imaging techniques contributed to the knowledge about the local magnetic properties of
materials and the ability to manipulate them which is the basis for a wide variety of
applications today.
One of the most important inventions among these imaging techniques is the magnetic
force microscopy (MFM). This method was invented during the late 1980s as a derivative
of atomic force microscopy (AFM), promising a resolution of magnetic properties on the
nanometer scale [6]. It is nowadays a well-established tool for magnetic imaging, used for
industrial applications in the magnetic recording industry [7] as well as for basic research.
Some of the numerous reported results using the abilities of MFM include the imaging of
ﬂux-lines in high-Tc superconductors [8], the depiction of individual and collective domain
structures of small particles [9, 10] or tracing of the evolution of a skyrmion lattice at the
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surface of a chiral magnet [11].
The image formation in MFM experiments is based on the magneto-static interaction
of a sharp ferromagnetic sensor tip with the the magnetic stray ﬁeld of the sample under
investigation. By scanning the tip across the sample, spatial variations of the interaction
are detected. Consequently, the quantitative description of the measured data requires an
accurate description of the magnetic properties of the sensor tip.
However, this detailed knowledge usually does not exist for the commercially available
MFM sensors. These standard MFM sensors are typically fabricated on the basis of stan-
dard AFM probes made of silicon which have a pyramidal tip shape. A thin ﬁlm of a
ferromagnetic material (e.g., CoCrTa) is then deposited onto the sides of the tip pyra-
mid. In an MFM measurement, not only the magnetic material deposited at the apex
will interact with the sample but also the material at the side walls. Hence, the calcula-
tion of the sample's magnetic stray ﬁeld from MFM data is connected to complex integral
expressions [12, 13].
In order to simplify the description of the probe-sample interaction, a point probe ap-
proximation of the tip that reduces the complex structure of the probe to a zero-dimensional
magnetic moment is often used [14]. Diﬀerent methods have been employed to determine
the eﬀective magnetic dipole or monopole moment (and its position) within the framework
of this model, including calibration experiments such as the examination of the deﬁned
magnetic stray ﬁeld above a micro-machined arrangement of wires carrying an electric
current [12, 15, 16], or the measurement of the stray ﬁeld above Co/Pt dots [17] or other
well-deﬁned ferromagnetic structures [18, 19]. Although the point probe approximation
gives a fairly good aid for the qualitative interpretation of MFM images, it turned out
that the determined eﬀective tip moment and its position within the tip is not only probe
dependent, but also varies when the tip-sample separation or the stray ﬁeld of the sample
(diﬀerent domain structure) is changed.
An alternative approach is the preparation of a well-known tip. By reducing the mag-
netic volume of the probe, a tip geometry can be reached, that is more accurately described
by the point dipole or monopole model of the probe. A second advantage of a reduced
magnetic volume is the potential increase in lateral resolution in an MFM measurement.
Several methods have been envisaged for this purpose, like the modiﬁcation of a standard
thin ﬁlm MFM tip with an electron beam [20] or the attachment of an iron ﬁlled carbon
nanotube (CNT) on a non-magnetic Si AFM tip [21]. Vock et al. [19] have shown, that a
monopole approximation is successful in describing these CNT-tips.
This thesis explores the possibility of applying tips equipped with a ferromagnetic
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nanoparticle as probes for MFM. Small ferromagnetic particles (diameter d ﬁ 100nm)
that consist of a single magnetic domain are considered as ideal representation of a mag-
netic point dipole probe.
A description of the extraordinary physical properties of magnetic single-domain parti-
cles (see chapter 2) is followed by a brief introduction in the principles of scanning force
microscopy in general, and magnetic force microscopy in particular, in chapter 3.
In chapter 4, selection criteria for suitable types of particles are formulated. The fabri-
cation of particles made of cobalt and iron-platinum is described. As oxidation processes
play a decisive role for the magnetic long term stability of these particles at ambient con-
ditions, a photochemical method for the deposition of gold is applied to these particles.
The description of this method, the result of the gold deposition and the investigations on
the magnetic properties of the resulting particles is presented.
As can be seen in chapter 5, the prepared single-domain particles can be aﬃxed to a
silicon AFM tip by a relatively simple attachment protocol. The experiments on applying
these particle based probes for MFM are presented. Two experiments for the calibration
of these particle decorated tips in the framework of the point probe approximation are
presented and the results are discussed.
Finally, a summary of the presented results is given in chapter 6, as well as suggestions
for further improvements of the probes.
3
1 Introduction
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Part I.
Theoretical basics
5

2. Properties of magnetic nanoparticles
This chapter concentrates on the conditions that are necessary for the existence of a single-
domain state in ferromagnetic nanoparticles. Most crucial is the particle size, for which
regular domain walls known from bulk magnets can no longer exist in the particle, therefore
resulting in a uniform magnetization.
First, the basics of the micromagnetic calculations that are used to describe the particle's
magnetization are explained, then the expressions for the single-domain size limit are
derived.
Consecutively, the Stoner-Wohlfarth model is introduced which gives an analytical ex-
pression for the magnetization behavior of a SD particle, and allows to calculate magne-
tization (hysteresis) curves. The curling mode, being the most important form for non-
uniform magnetization reversal, is discussed as well. Furthermore, the inﬂuence of thermal
ﬂuctuations on the SD state is explained.
2.1. Micromagnetic calculations
2.1.1. Introduction
Most of the theoretical results presented in this chapter heavily rely on the principles of
domain theory [22] and micromagnetics [23] 1. These techniques theoretically describe
magnetic materials on a length scale between the atomistic (and quantum-mechanical)
level and the large-scale description by bulk material properties. Instead of considering
individual atomic magnetic moments ~ and describing their interactions, their spatial
average, the magnetization ~M(~r), is used. Therefore, the involved magnetic interaction
energy terms are treated within a continuum description.
Micromagnetics and domain theory allow predictions about spin conﬁgurations and spa-
tial distributions of magnetic domains in ferromagnets. These informations are usually not
fully accessible by most observation techniques, like magnetic force microscopy (MFM) or
1 Note that not all literature explicitly distinguish between these two terms, domain theory and micro-
magnetics. However, this thesis follows the notations used in [22].
7
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magneto-optical methods, because they are restricted to the inspection of near-surface
properties in ferromagnets. The calculations by both techniques are based on a variational
principle: The magnetization vector ﬁeld ~M(~r) in the static equilibrium is found by min-
imizing the total (free) energy Etot of the system under certain conditions. This energy
comprises diﬀerent magnetization-dependent contributions, such as the exchange energy,
demagnetization energy, external ﬁeld energy, etc. Below, the most relevant interaction
energy densities needed to describe micromagnetic systems are listed and brieﬂy explained.
2.1.2. Relevant interaction energies
Exchange energy
eexch = A 
"
~r
 
~M
MS
!#2
(2.1.1)
A - exchange stiﬀness constant (J m 1)
Ms - saturation magnetization (Am 1)
The exchange energy describes the phenomenon whereby the magnetic moments of individ-
ual atoms within a material are forced to align with all other atomic magnetic moments. In
a ferromagnetic material this alignment is parallel, in antiferromagnets it is an anti-parallel
alignment. This exchange interaction is a consequence of the symmetry constraint of the
quantum-mechanical wave functions for indistinguishable particles. The micromagnetic
expression for the exchange energy density can be derived directly from the Heisenberg
description of the exchange interaction (see e.g. [24], chapter 4.2). As seen from equa-
tion (2.1.1), deviations from the parallel alignment [~r ~M(~r)] are connected with an energy
penalty.
Magneto-crystalline anisotropy energy
em c = K1
(~n  ~M)2
M2s
(uniaxial) (2.1.2)
K1 - second order uniaxial anisotropy constant (J m 3)
~n - unit vector in the direction of the easy axis.
This energy term describes the phenomena of magnetically hard and easy crystal axes, i.e.
the magnet is saturated at higher (lower) magnetic ﬁelds in this particular crystallographic
8
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direction. The microscopic origin of this anisotropy is connected with crystal ﬁelds and
the spin-orbit interaction. Depending on the symmetry of the crystal, uniaxial, cubic,
orthorhombic or higher order anisotropies can be found. For most cases, the exact energy
function is suﬃciently approximated by a series expansion in terms of spherical harmonics
[22, 24]. In the case of an uniaxial anisotropy, the energy density is often expressed as
a power series of the form [24]:
e =
X
n
Ku;nsin
2n; (2.1.3)
with  denoting the angle between ~M and the easy axis, and Ku;n being the (n-th) uniaxial
anisotropy constant. Usually not more than the ﬁrst three terms are considered:
e = Ku0 +Ku1sin
2 +Ku2sin
4: (2.1.4)
Ku0 can be neglected because it is independent of the magnetization direction. Equation
(2.1.2) follows from equation (2.1.4) for the case of an arbitrary easy axis aligned along
the unit vector ~n considering only the ﬁrst-order term.
For cubic anisotropies (three easy axes), the basic formula is:
e = Kc1(m
2
1m
2
2 +m
2
1m
2
3 +m
2
2m
2
3) +Kc2m
2
1m
2
2m
2
3; (2.1.5)
with mi (i = 1; 2; 3) denoting the magnetization components along the cubic axes.
External ﬁeld (Zeeman) energy
ezeeman =  0 ~M  ~H (2.1.6)
~H - external magnetic ﬁeld (Am 1)
The external ﬁeld energy represents the interaction energy of the magnetization ~M with
an external ﬁeld ~H.
Magnetostatic self-interaction - demagnetizing energy
ed =  0
2
~M  ~Hd( ~M) (2.1.7)
~Hd = stray ﬁeld (Am 1)
This energy results from the dipolar interaction of individual magnetic moments ~ with
each other. Again, using the description on a continuum level, this is the magnetostatic
9
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interaction energy of the magnetic body with the stray ﬁeld Hd produced by the body
itself. The stray ﬁeld Hd is deﬁned by Maxwell's equation ~r ~B = 0~r ( ~H + ~M) = 0 as:
~r  ~Hd =  ~r  ~M: (2.1.8)
In analogy to electrostatic interactions, a magnetostatic potential M can be introduced
for calculating the stray ﬁeld. In absence of external current densities, Maxwell's equations
yield r  ~H = 0. Therefore, the magnetic ﬁeld ~H can be expressed as the gradient of a
scalar potential M :
~H =  ~rM ; (2.1.9)
Applying equation (2.1.8) leads to:
M = ~r  ~M (2.1.10)
This is the analogue expression to Poisson's equation for electrostatics. The equation can
also be expressed in an integral from:
M(~r) =   1
4  0 
Z
V
d3~r0
r  ~M(~r0)
j~r   ~r0j : (2.1.11)
Usually, the integral can be separated in a volume and a surface part:
M(~r) =   1
4  0 
Z
V
d3~r0  m(~r
0)
j~r   ~r0j +
I
@V
dS 0  ﬀM(~r
0)
j~r   ~r0j

: (2.1.12)
This equation introduces the concept of magnetic volume charge densities m = ~r  ~M
and surface charges ﬀM = ~n  ~M . In contrast to electrostatics, however, magnetic charges
never exist isolated. Using equation (2.1.9) then, the stray ﬁeld Hd is easily derived.
The demagnetizing ﬁeld Hd of an ellipsoid is connected to the magnetization ~M by a
diagonalized demagnetizing tensor N^ :
~Hd =  N^  ~M: (2.1.13)
Hence, the demagnetizing energy results as:
ed =  0
2
~M  N^  ~M =  0
2
(MS)
2  (~m  ~N  ~m); (2.1.14)
10
2 Properties of magnetic nanoparticles 2.1 Micromagnetics
with ~m = ~M=MS. It is convenient to deﬁne Kd =
0
2
(MS)
2 as a measure for the strength
of the demagnetizing ﬁeld.
Total energy
The starting point for the variational calculus then is the energy functional, given by the
sum over all energy contributions integrated over the sample volume:
Etot =
Z 8<
:A
"
r
 
~M
MS
!#2
+K1
(~n  ~M)2
(Ms)2
  0 ~M  ~H   0
2
~M  ~Hd(M)
9=
;dV: (2.1.15)
The energy needs to be minimized for the system to be in an equilibrium. Which magnetic
conﬁguration ~M(~r) is established in the end for a given size and shape of the magnetic body,
or for an applied external magnetic ﬁeld ~H, is therefore governed by the competing energy
terms within equation (2.1.15). While a uniform magnetization of the whole magnetic
body is preferred in terms of the exchange energy and anisotropy energy, the demagnetizing
energy tends to align the magnetization parallel to the surface of the body at every point
(pole-avoidance principle). In a single-domain ferromagnet, the demagnetizing energy
therefore can give rise to a shape anisotropy. In large ferromagnetic bodies, exchange
energy and anisotropy energy on the one side, and demagnetizing energy on the other
side, are typically balanced by the formation of magnetic domains, though. Besides this,
an external magnetic ﬁeld obtrudes an additional anisotropy to the magnetization via the
external ﬁeld energy.
2.1.3. Domain theory and micromagnetics
The typical approach in domain theory is described by Hubert and Schäfer ( [22], chapter
3.2) as follows: At ﬁrst, various models of the domain conﬁguration are derived that
are compatible with the measurement at the surface. The energy Etot of the system is
calculated for these models. The one with the lowest energy is considered as the most
probable conﬁguration. Then the parameters of the chosen model, like angles and lengths
of domains, can be varied until the energy is minimized. The conﬁguration ~M(~r) found
by this energy minimization is assumed to be a correct approximation, at least as long
it is in line with the experimental observations. This approach uses global aspects of the
micromagnetic description by comparing the energy of a system for diﬀerent conﬁgurations
~M(~r).
11
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In micromagnetics, a local description of the magnetization ~M(~r) is used. Applying
the variational calculus with expression (2.1.15) as energy functional and ~M as independent
variable leads to the micromagnetic equations that locally describe the static equilibrium
condition ( [22], chapter 3.2.7). An intuitive interpretation of these equations says: The
torque ~T = ~M  ~Heff on the magnetization ~M in the eﬀective ﬁeld Heff , has to vanish at
every point of the ferromagnet.
The eﬀective ﬁeld Heff is given by:
~Heff =   1
0
~r ~MEtot: (2.1.16)
If the torque does not vanish in every point, the time development of the system, developing
towards static equilibrium, is described by the Landau-Lifshitz-Gilbert (LLG) equation [25]
to:
d ~M
dt
=  ~M(~r) ~Heff (~r)  
MS
~M(~r) [ ~M(~r) ~Heff (~r)]: (2.1.17)
Here,  ~M(~r)  ~Heff (~r) describes the precession of ~M(~r) in the local ﬁeld ~Heff (~r), with
 being the gyromagnetic ratio. The second term, 
MS
~M(~r)  [ ~M(~r)  ~Heff (~r)], is an
empirical expression for the damping with the coeﬃcient . It represents all relaxation
mechanisms.
This diﬀerential equation, in combination with an appropriate spatial discretization
of the ferromagnet's geometry, is the basis for many computational calculations (e.g.,
micromagnetic simulation packages, like the Object Oriented MicroMagnetic Framework
(OOMMF) [26] or Nmag [27]).
2.2. The single-domain limit
An important consequence of the micromagnetic description of a ferromagnet is the predic-
tion that a critical single-domain size must exist, below which the uniform magnetization
state is the stable conﬁguration for a small ferromagnetic particle. Stable means that
this state has a lower energy than the lowest-energy multi-domain state. According to
equation (2.1.15), the critical size value is governed by the geometry, the anisotropy and
the saturation moment of the particle. Usually, numerical micromagnetic calculations are
needed for the determination of realistic critical diameters. However, a qualitative under-
standing and reasonable estimations can be gained by comparing the single-domain-state
energy to the supposed lowest energy multi-domain state: Generally spoken, by building
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up a multi-domain conﬁguration, the stray ﬁeld energy of the particle is reduced as the
magnetic ﬂux is mainly kept inside the particle. On the other hand, it leads to an energetic
penalty: If the magnetization vector of a domain is not aligned parallel to the easy axis
of the material, it will cause a higher anisotropy energy contribution. Also every domain
wall include a certain energy per wall area, as the spins need to continuously rotate over
the wall length against the eﬀects of the anisotropy and the exchange interaction which
tend to align the spins parallel.
More insight into the interaction of the diﬀerent energy contributions can be gained
by ﬁrst considering materials with large uniaxial anisotropy, i.e. Q = Ku=Kd ﬂ 1. In
this case the anisotropy of the material is strong enough to maintain the orientation of
the magnetization along the easy axis within every domain. In other words, all possible
domain conﬁgurations with domains not aligned parallel or antiparallel to the easy axis
can be excluded as possible stable states, due to high anisoptropy energies. It is also
guaranteed, that the domain walls are thin compared to the particle size and lie parallel
to the easy axis. This allows to treat them like walls in an inﬁnite sample: A speciﬁc wall
energy ﬀw, which is size-independent, can be assigned to them. For a 180° Bloch-wall, the
speciﬁc wall energy is 4  pA K. The total energy Etot of a domain conﬁguration thus
can be expressed as the sum over domain wall energy and stray ﬁeld energy Ed (For sake
of simplicity we assume that no external ﬁeld H is applied to the sample. This case is
discussed in the next section.):
Etot = Ed + ﬀw  Fw; (2.2.1)
with Fw as total domain wall area. The anisotropy energy only enters this equation through
the domain wall energy, as the anisotropy energy of the domains themselves is equal for
all orientations considered here. Exchange energy is also present in this expression only
within the domain wall energy.
The stray ﬁeld energy per unit volume stays constant for diﬀerent scales, while the wall
energy ﬀw  Fw per volume decreases with increasing diameter of the particle. Hence, a
critical particle size exists, at which a multi-domain state will be energetically favored
above the single-domain state, as the energy needed for building up a domain wall is
balanced by the stray ﬁeld energy.
To a ﬁrst approximation we may assume, that the lowest energy multi-domain state for
a spherical particle is that of two domains of opposite magnetization directions with equal
volume fraction, separated by a 180° Bloch wall intersecting at the middle of the particle
('Janus' particle).The critical particle radius rSD can be calculated by equating the total
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energies (2.2.1) of the single-domain state with the two-domain state.
The energy needed to create a domain wall in the middle of a spherical particle of radius
r is ﬀw  Fw = 4r2
p
AK. The stray ﬁeld energy of the two-domain state ('split sphere')
was derived by Néel [28] to Ed = 0:1618  02  (MS)2 V , compared to the stray ﬁeld energy
of the uniformly magnetized particle which is Ed = N  02 M2S  V = 4180 M2S  R3, with
N = 1
3
being the demagnetizing factor for a sphere. With this, one arrives at the following
equation for the critical particle radius RSD:
RSD  35 
p
AKu
0M2s
(2.2.2)
A typical value for RSD measures about 35nm in the case of cobalt (A = 10:3 pJ m 1,
Ku = 0:53MJ m
 3, MS = 14:0 105Am 1, see Appendix A.1).
Equation (2.2.2) is an acceptable approximation, as long as Ku  0(MS)2=6 [24]. In
the case of a small magnetic anisotropy, however, the magnetization direction will not be
aligned along the easy direction, but it will tend to follow the particle surface. There will
be a signiﬁcant amount of exchange energy needed for this conﬁrmation of magnetization
which is not included in equation (2.2.2). If this now dominant exchange energy term is
compared to the magneto-static energy gained by building up a domain wall, one ends up
after some calculus with the following equation (for details on the calculation see [24]):
RSD =
s
9A
0M2S

ln

2RSD
a

  1

: (2.2.3)
Here, a is the radius of the singularity in the exchange energy density that occurs in the
integration over the particle volume and needs to be excluded. The lattice constant a of the
material is chosen as radius of this singularity. Equation (2.2.3) can be solved graphically
(see ﬁgure 2.2.1).
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Figure 2.2.1.: Graphical solution of equation (2.2.3) using values for nickel:
A = 3:4 pJ m 1, MS = 4:9 105Am 1, a = 0:352nm. The resulting
critical radius is RSD = 19:2nm.
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2.3. Magnetization switching of nanoparticles
In the previous section, only the static stability limit of the single-domain state was dis-
cussed. However, under the inﬂuence of an external magnetic ﬁeld H, dynamic magnetiza-
tion processes within the particle are activated. Naturally, the question about the details
of this dynamic behavior and especially about the switching or coercive ﬁeld of the particle
arises.
The simplest model for magnetization switching of a single domain particle, is a co-
herent rotation of the magnetization vector. Coherent rotation means that the uniform
magnetization of the particle is sustained over the whole switching process, i.e. at the
switching point all magnetic moments of the particle rotate in unison. The ﬁrst model
with a closed analytical description of this coherent rotation of a particle's magnetization2
was introduced by Stoner and Wohlfarth in 1948 [29].
2.3.1. The Stoner-Wohlfarth-model for coherent rotation of
magnetization
The problem treated within this model is to describe the magnetization process of a uni-
formly magnetized particle in an external magnetic ﬁeld, i.e. to ﬁnd the shape of theM -H
curve. This is possible, if the stable magnetization directions ~M for any given magnetic
ﬁeld ~H are known. As described in section 2.1, the way to do this, is to evaluate the (free)
energy (2.2.1) of the system with respect to the magnetization vector ~M . If the energy for
a given ﬁeld vector ~H has a minimum for a certain direction of ~M , it is a stable state.
The single domain particle is described in this model as a spheroid. It is assumed, that
the particle has some kind of uniaxial magnetic anisotropy, measured by the coeﬃcient
Ku. The magnetization vector ~M of the particle shall be constrained to the plane wherein
the magnetic ﬁeld vector ~H and the easy axis of the particle lie. A sketch of the relevant
directions and angles is given in ﬁgure 2.3.1. Throughout this text, particles that are
described in this way, will be referred to as Stoner-Wohlfarth (SW) particles.
Taken these assumptions into account, one may write the (free) energy-density of the
particle as:
e = Ku  sin2(ﬃ  )  0Ms H  cos(ﬃ) (2.3.1)
The ﬁrst expression on the right hand side of equation (2.3.1) is the anisotropy energy
term. The anisotropy may be a result of the magneto-crystalline anisotropy Km cu = K1
2 This rotation must not be confused with a geometrical rotation of the particle in an external magnetic
ﬁeld. Only the rotation of the magnetic moments within the particle are considered in this model.
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easy axis
H
M
Figure 2.3.1.: Sketch of the geometrical conﬁguration of an ellipsoidal particle in an
external magnetic ﬁeld as it is described in the Stoner-Wohlfarth model.
and/or the shape of the particle: Ku = K1+(N2 N1)0(MS)2=2, withN1 andN2 denoting
the demagnetizing factors parallel and perpendicular to the easy axis. This description
of the demagnetizing energy as a 'shape anisotropy' is only possible for particles with a
uniform magnetization.
The second term is the magnetic ﬁeld (Zeeman) energy contribution. It is convenient to
write this equation in a reduced form as:
 =
e
2Ku
=  1
4
cos[2(ﬃ  )]  h  cosﬃ (2.3.2)
with h = H=Ha = 0MSH=2Ku. Ha is the so called anisotropy ﬁeld. The magnetization
will always point along the direction of minimal energy in the static equilibrium, which is
also the direction of zero torque T =  @e=@ﬃ on ~M . Therefore the ﬁrst derivative of 
must vanish:
@
@ﬃ
=
1
2
sin[2(ﬃ  )] + h  sinﬃ = 0; (2.3.3)
while the second derivative must be positive in order to guarantee a stable equilibrium (i.e.
an energy minimum):
@2
@ﬃ2
= cos[2(ﬃ  )] + h  cosﬃ > 0 (2.3.4)
Equation (2.3.3) possesses two solutions, one for ﬃ lying between 0 and , and the second
for ﬃ between  and 2. The solutions at ﬃ = 0;  correspond to h = += 1. Alternatively,
equation (2.3.3) can be written as a function of the magnetization component aligned in
(positive) ﬁeld direction, mh =M=MS = cosﬃ. Hence:
2mh(1 m2h)1=2  cos 2 + sin 2  (1  2m2h) 2h(1 m2h)1=2 = 0: (2.3.5)
Solving this equation for h as a function of mh is trivial. The M -H curve of the particle
is now found by plotting the curves described by equation (2.3.5) in the form of the
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dimensionless parameters mh vs. h.
The result for  = 45° is shown in ﬁgure 2.3.2a. The solid blue and green curves are
describing energy minima, and the dashed lines correspond to energy maxima. For ﬁelds
in the range of  1
2
 h  1
2
, there are two stable states, which is the reason for hysteresis.
If one starts at high positive ﬁelds h and gradually decreases the ﬁeld, the magnetization
direction will align according to the blue curve in ﬁgure 2.3.2a. The system resides in a
stable energy minimum, as shown in ﬁgure 2.3.2b (3) (blue dot). For small negative ﬁelds,
the magnetization vector is continuously rotated out of the H-ﬁeld axis, but does not ﬂip
until the ﬁeld reaches h = -0.5. At this point the energy minimum becomes ﬂat and the
barrier between the two stable states vanishes [ﬁgure 2.3.2b (1)]. The magnetization vector
~M switches into the second stable direction [green curve in ﬁgure 2.3.2a and green dot in
ﬁgure 2.3.2b (1)]. For high negative ﬁelds h, the magnetization ﬁnally saturates in ﬁeld
direction.
In ﬁgure 2.3.3, the solution of equation (2.3.5) is plotted for various angles of .
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(a)
(b)
Figure 2.3.2.: Hysteresis curve of a Stoner-Wohlfarth particle: (a) Solutions are plot-
ted in the dimensionless form following equation (2.3.5) for  = 45°. In
(b), the angular dependence of the reduced energy  for diﬀerent ﬁeld
values h is given.
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Figure 2.3.3.: Calculated hysteresis curves (dimensionless) of a SW particle for various
angles of : 0°, 10°, 45°, 80°, and 0°.
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From equation (2.3.1) the switching ﬁeld of a SW particle can be determined. As stated
above, the magnetization switching occurs at ﬁelds for which the energy minimum becomes
ﬂat:
@2
@ﬃ2
= hS  cosﬃ+ cos[2(ﬃ  )] = 0: (2.3.6)
Solving this equation along with (2.3.3) for the switching ﬁeld hS gives:
hS = (cos
2=3 + sin2=3)3=2: (2.3.7)
Note that the switching ﬁeld is not equal to the coercive ﬁeld. For 45° <  < 90°, the
magnetization mh reaches 0 before the switching ﬁeld sets in (ﬁgure 2.3.3). The coercivity
is calculated from equation (2.3.5) at m = 0:
hc = sin  cos: (2.3.8)
Using the deﬁnition of the reduced ﬁeld, h = 0MSH=2Ku, and the expression for the
uniaxial anisotropy, Ku = K1 + (N2  N1)  0(MS)2=2, this equation becomes:
Hc =

2 K1
0 MS +
1
2
(1  3D) MS

sin  cos: (2.3.9)
For example, for a spherical (D = 1=3) cobalt particle, whose magnetization is aligned
with the magnetic ﬁeld ( = 0), this expression yields (K1 = 0:53MJ m 3, MS =
14:0 105Am 1):
Hc(Co) = 6:02 105Am 1 (SI)
= 7:56 103Oe (CGS) (2.3.10)
Random anisotropy
In an actual experiment, one will hardly ever measure the magnetization of a single particle.
Typically, the magnetic properties of a whole ensemble of (more or less) similar particles
are investigated and single particle properties are deduced from this. Therefore, statistical
variations of the particle properties in the ensemble have to be taken into account when
applying the results of the Stoner-Wohlfarth-model. Stoner and Wohlfarth themselves,
in their original article from 1948, calculated the average of the hysteresis loop for a
random distribution of angles , i.e. for a collection of particles with their easy axis
randomly distributed with respect to the direction of the applied ﬁeld [29]. Figure 2.3.4
shows the result of this calculation. The expected values for the (reduced) coercive ﬁeld
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Figure 2.3.4.: Calculated hysteresis loop of magnetization for an assembly of similar
particles with randomly oriented easy axis.
hc = 0MsHc=2Ku and the remanent magnetization mh;R =MR=MS are:
hc  0:479
mh;R = 0:5 (2.3.11)
2.3.2. Curling mode magnetization reversal
Coherent rotation is not the only possible mode for magnetization reversal. For larger
particles, which are still within the single domain limit, non-uniform magnetization modes
can be dominant due to lower switching ﬁelds. The most important non-uniform alternative
is the curling mode. In this mode, the magnetization does not remain parallel during
the reversal process. In fact, the spins rotate in a precession describing a spiral (see
ﬁgure 2.3.5b). The exchange energy is increased compared to coherent switching, but the
magnetostatic energy is considerably lower since fewer spins point away from the easy
axis at every time in the reversal process. Including a term for the exchange energy from
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equation (2.2.1), one can obtain the nucleation ﬁeld for curling [23,3032]:
HN =
2K1
0 MS  D MS +
c(D)  A
0 MS R2 : (2.3.12)
The radius R corresponds to the semi-minor axis of the ellipsoid of revolution. c(D)
measures 8.666 in case of a sphere. Note, that equation (2.3.12) is valid only as long as the
easy axis is aligned with the ﬁeld ~H ( = 0). The angular dependence of the nucleation
ﬁeld for misaligned magnets is discussed in [33].
Whenever the curling nucleation ﬁeld HcurlingN is smaller than the coercivity H
coherent
c
(2.3.9) for coherent rotation, the former process will be the dominant reversal mode. The
curling nucleation ﬁeld HcurlingN depends on the particle size:
HN  a
R2
+ b  c;
while the coercive ﬁeld for coherent rotation Hcoherentc is independent of the particle size.
By comparing equation (2.3.12) with (2.3.9), the transition radius Rcoh can be determined.
This transition radius must fulﬁll the following condition:
If the radius R of the particle is smaller than Rcoh, then the coercive ﬁeld of the coherent
rotation Hcoherentc is smaller than the nucleation ﬁeld of the curling mode H
curling
N . Vice
versa, when the radius of the particle is bigger (R > Rcoh), then curling nucleation occurs
at smaller ﬁeld strength than the coherent rotation (HcurlingN < H
coherent
c ).
Then the radius is:
Rcoh =
s
3  c(D)  A
0(MS)2
(2.3.13)
For a sphere [c(D) = 8.666] this becomes:
Rcoh  5 
s
A
0(MS)2
:
2.3.3. Polycrystalline magnetic particles
Direct observations of the Stoner-Wohlfarth behavior in experiments are rare, i.e. the
measured coercivities are often much lower than predicted by this simple model. However,
one has to bear in mind that the predictions drawn from the Stoner-Wohlfarth model are
exact results only for perfectly isotropic crystals of an ellipsoidal shape. In reality though,
structural imperfections of the crystal or intergranular eﬀects in polycrystalline particles
may severely decrease the coercivity by orders of magnitude. Grain boundaries or very
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(a) (b)
Figure 2.3.5.: Sketch of reversal modes in single domain particles: (a) coherent rota-
tion, (b) curling mode. Adapted from [30].
high demagnetization ﬁelds near sharp edges of the crystal [34] can provide sites at which
reversal nucleates in ﬁelds far below the coercive ﬁeld predicted by the Stoner-Wohlfarth
model.
In the case of a polycrystalline particle, the magneto-crystalline (m-c) anisotropy is not
homogeneous over the volume of the particle. Instead, due to the diﬀerent orientation of
every nanocrystalline grain, the m-c anisotropy will vary locally. Herzer [35] pointed out
that the local anisotropy can be averaged over regions correlated by exchange coupling,
at least if the grain size is smaller than the exchange length lex of the material. In this
random anisotropy model, the coercivity is expressed as [30]:
Hc  2K1
0MS
 (R=0)6 (2.3.14)
with 0 = (A=K)1=2 and R the grain radius. Hence, the coercive ﬁeld Hc scales with R6.
2.4. The superparamagnetic limit
It was described in the ﬁrst section of this chapter that the transition to multi-domain states
deﬁnes the upper limit of possible sizes for single domain particles. The lower size limit
for the occurrence of long time stable single-domain states in particles is a consequence of
thermal agitation. If a SD particle is very small, thermal agitation may cause a transition
from one metastable state of orientation to another. The physical background lies in
the size-dependent energy barrier between the two states that is easily overcome by the
thermal energy kBT . For a particle described in terms of the Stoner-Wohlfarth model,
this energy barrier is equal to Ku  V , with Ku beeing the uniaxial anisotropy coeﬃcient
and V the particle volume. Such a situation may be realized by recalling equation (2.3.1):
24
2 Properties of magnetic nanoparticles 2.4 The superparamagnetic limit
We assumed that the particle comprises an uniaxial magnetic anisotropy measured by the
coeﬃcient Ku. Consequently - in absence of an external ﬁeld H - two stable orientations
along the easy axis are possible. To switch the particle from one orientation to the other,
the system needs to overcome the state of orientation with the highest energy, where ~M
is perpendicular to the easy axis (see ﬁgure 2.3.2a and 2.3.2b). The energy of this state is
E = Ku  V .
If one measures the magnetization of such a particle, and the particle ﬂips several times
within the measurement time due to thermal ﬂuctuation, the measured value will be zero,
hence: < M >= 0. Such a particle then is claimed as being superparamagnetic. If
however, the particle retains its magnetization during the measurement, < M > 6= 0. The
particle thus appears to be in a thermally blocked state. The measured state of the particle
therefore depends on the averaged measurement time.
The mean time between two thermally activated reversals is given by the Néel-Arrhenius
(or Néel-Brown) relaxation theory:
ﬁ = ﬁ0  exp

KuV
kBT

: (2.4.1)
ﬁ0 is called the attempt time, having typical values on the order of 10 9 to 10 10s. A
critical radius for a spherical particle can be determined by solving equation (2.4.1) for the
volume V :
V =
4
3
 R3SP = ln

ﬁ
ﬁ0

kBT
Ku

R
(ﬁ)
SP =

3
4
 ln

ﬁ
ﬁ0



kBT
Ku
1=3
: (2.4.2)
Typically, superparamagnetism is deﬁned by a waiting time of ﬁ = 100 s. Therefore, RSP
becomes (with ﬁ0 = 10 9):
R
(100s)
SP =

6:05  kBT
Ku
1=3
: (2.4.3)
If, however, the measurement time ﬁm is kept constant and the temperature is varied
in the experiment, the particle will be thermally blocked at low temperatures. The mea-
surement time ﬁm then is much smaller than the mean transition time ﬁ in this case. The
transition temperature TB, the so called blocking temperature, is deﬁned by the tempera-
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ture, where ﬁm becomes equal to ﬁ :
TB =  ln

ﬁm
ﬁ0

KuV
kB
: (2.4.4)
In a measurement of an ensemble of superparamagnetic single-domain particles, a para-
magnetic behaviour will be observed in the sense that the ensemble appears demagnetized
as soon as the external ﬁeld is turned of, i.e. the remanence is zero. Nevertheless, we
encounter some diﬀerences diﬀerences as compared to paramagnetism in bulk materials.
First, this superparamagnetism is also observed below the Curie-temperature of the
material (the individual particles are still ferromagnetic, as they carry a spontaneous mag-
netization). It rather sets in above the blocking temperature TB.
Second, a much larger magnetic response, i.e. magnetic susceptibility m is measured
compared to normal paramagnetism, which justiﬁes the denotation as superparamagnetism.
The large m of superparamagnets can be understood by ﬁnding an expression for the mag-
netization of the particle assembly in thermal equilibrium. To this end, a model system
of identical, non-interacting and magnetically isotropic particles with magnetic moments
 = j~j is considered. For a number of particles per unit volume NV , the equilibrium
magnetization can be described in analogy to classical paramagnetism with the Langevin
equation:
< M > (x) = NV    L(x) (2.4.5)
= NV    [coth(x)  1=x] ; x = 0H
kBT
:
In the limit of x ﬁ 1, the Langevine function can be approximated by L(x)  x=3 =
  0 H=3kBT , and hence the superparamagnetic susceptibility can be expressed as:
SPm =
2 NV  0
3kBT
: (2.4.6)
In diﬀerence to classical paramagnetism, each local moment  has the magnitude N 0 m,
with N 0 being the number of atoms in a particle and m the magnetic moment of the atoms,
instead of just the atomic magnetic moment m. This gives rise to an (N 0)2-fold increase
of the magnetic susceptibility compared to paramagnetism (see ﬁgure 2.4.1).
If thermal ﬂuctuations are considered in the single-domain behaviour of Stoner-Wohlfarth
particles, a reduced coercivity has to be taken into account for particles near the super-
paramagnetic limit. To attain an expression for the coercive ﬁeld Hc, a phenomenological
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Figure 2.4.1.: Schematic comparison of magnetic responses of diamagnetic, paramag-
netic and superparamagnetic materials.
expression for the energy barrier E = Ku  V in equation (2.4.1) can be used:
E(H) = Ku  V 

1  H
H0
2
: (2.4.7)
This equation is only valid if an assembly of identical, non-interacting SD particles is con-
sidered, with the particles having their anisotropy axis aligned with the magnetic ﬁeld H.
H0 therefore denotes the coercive ﬁeld that results from the Stoner-Wohlfarth description:
H0 = 2Ku=0MS.
Using equation (2.4.7) in (2.4.1), one arrives at:
Hc =
2 Ku
0 MS
(
1 

kBT
Ku  V  ln

ﬁ
ﬁ0
1=2)
: (2.4.8)
We directly see from this equation that the coercivity scales as:
Hc  a  b
R3=2
;
with a = 2 Ku=(0 MS) and b = 2=(0 MS) 
p
Ku  kBT  ln (ﬁ=ﬁ0).
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2.5. Summary
In ﬁgure 2.5.1, the qualitative size dependence of the coercivity of a magnetic nanoparticle
is plotted in the range of the single-domain regime. As described in this chapter, below
the superparamagnetic size limit RSP , the particle's magnetization is governed by random
thermal ﬂuctuations. Therefore, the coercivity is 0. Above RSP , coherent rotation can
be used to describe the dynamic magnetic response of the particle in an external ﬁeld,
but thermally activated magnetization reversal eﬀectively decreases the coercivity. With
increasing size, coercivity increases, as thermal ﬂuctuation are blocked by an increasing
energy barrier, until curling mode reversal becomes dominant and coercivity is decreased
again.
Above RSD, in the multi-domain regime, domain wall motion is the most important
process, that governs the coercivity. A completely free domain wall motion would reduce
the coercivity further, but, in fact, domain wall motion is heavily inﬂuenced by defects.
Therefore the coercivity is expected to be increased above RSD.
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Figure 2.5.1.: Comparison of coercivities for SD particles. Small particles in the super-
paramagnetic regime (SP) have a zero coercivity due to thermal ﬂuctu-
ations of their magnetization. Particles with a radius above RSP [equa-
tion (2.4.3)] are in the single domain regime (SD) and the coercive ﬁeld
rises according to equation (2.4.8). The coercivity converges towards
the temperature independent limit which is predicted by the Stoner-
Wohlfarth model [dashed line, according to equation (2.3.9)] reaching a
maximum at Rcoh [equation (2.3.13)]. With larger particle sizes, curl-
ing mode reversal is dominant and the coercivity decreases [equation
(2.3.12)]. The maximum size limit of the SD regime is given by RSD
[equation (2.2.2)]. Beyond this size, multiple domains (MD) exist in the
particle. Adapted from [24].
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3. Magnetic force microscopy
3.1. Introduction
Magnetic force microscopy (MFM) is a special scanning force microscopy technique. MFM
is based on the magneto-static interaction between a magnetic sample and a magnetic
probe. Typically such a probe is made of a sharp tip of ferromagnetic material.
MFM maps the local magnetic interactions with a spatial resolution down to 20nm [36].
At the same time, MFM beneﬁts from the advantage of easy handling, that it shares
with all scanning force techniques. The demands for sample preparation are very low, e.g.
there is no need for vacuum conditions. Hence, among other reasons, MFM became an
indispensable tool in high resolution magnetic imaging.
The following section starts with an introduction to the non-contact atomic force mi-
croscopy since it forms the basis for magnetic force microscopy. This is followed by a
description of the force detection methods used in MFM experiments. The interpretation
of MFM images will be covered by discussing the basic principle of image formation. How
this knowledge can be used for investigations on magnetic structures is shortly outlined
afterwards. In the last part of this section the limitations in spatial resolution and force
sensitivity are treated.
3.2. Principles of scanning force microscopy
A scanning force microscope (SFM) is built up of several functional parts and subsystems.
The most important are: The probe and the cantilever, the deﬂection sensor, the sample
positioning stage, the electronic feedback system and the vibration damping. For each of
them, various possible realizations exist. For the respective descriptions or design rules,
the reader of this text is referred to one of the numerous publications on this context
[37]. Therefore only some essential parts, that are necessary for the description of the
measurement principle are highlighted here.
The starting point for the description of the SFM imaging technique is a ﬂexible lever,
called the cantilever. It is ﬁxed at one end and a probing mass is mounted at its free end.
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When the probe is brought close to the surface of a sample, interactions will cause a net
force on the probing mass and hence a deﬂection of the cantilever1. The probing mass is,
in most cases, realized as a sharp tip2. In this way the interaction with the sample surface
is, to some degree, spatially conﬁned to the apex of the tip. The type of interaction force
that acts on the probe-cantilever system, can be inﬂuenced by the choice of the probe
material, e.g. a ferromagnetic or electrically conductive material.
The deﬂection of the cantilever then is monitored by various techniques. The most
common detection method uses a laser beam, which is reﬂected from the top side of
the cantilever onto a photodiode array. The position of the laser spot on the array and
hence the amount of the cantilever deﬂection, can be calculated from the diﬀerences of
the measured photo currents from the individual diodes. Alternative detection methods
are based, e.g on capacitive or piezoresistive measurements of the deﬂection or optical
interferometry.
In the limit of small deﬂection angles (elastic regime), the deﬂection z of a rectangular
cantilever by a force Fz acting in z direction, can be calculated with [38]:
z =
4l3Fz
Ewt3
: (3.2.1)
E is scalar3 and denotes the modulus of elasticity. l, w and t are the length, width and
thickness of the cantilever, respectively. Accordingly, the force constant k of the cantilever
can be read as:
k =
Ewt3
4l3
: (3.2.2)
Dynamic AFM
In the dynamic mode [39] of an atomic force microscope (AFM) the oscillatory behavior
of the cantilever is used for force detection, instead of the static deﬂection. A mechan-
ical oscillation of the cantilever at its fundamental resonance frequency f0 is excited by
a dithering piezo element. Mathematically the cantilever can be described as a forced
1 In the description used here, the cantilever is thought to have one motional degree of freedom only,
restricted to the z-axis. The z-axis shall be deﬁned as the axis perpendicular to the cantilever and the
surface plane of the sample.
2 Nowadays, commercially available tip-cantilever systems are typically part of larger Si chips, processed
by micro-lithography.
3 Provided that the material behaves isotropic under stress, the elasticity tensor E^ is reduced to a scalar
material constant, the modulus of elasticity E.
32
3 Magnetic force microscopy 3.2 Scanning force microscopy
Figure 3.2.1.: Principal depiction of the mechanical response of the cantilever versus
excitation frequency. f measures the width of the curve, at which the
amplitude of oscillation is decreased by a factor 1=
p
2, compared to the
amplitude at resonance Af0 .
harmonic oscillator:
Aexc  cos(!t) = z(t) + !0
Q
 _z(t) + !20  z(t): (3.2.3)
Here, z(t) is the momentary displacement of the cantilever measured in reference to the
equilibrium position. Aexc is the driving amplitude, and ! = 2f is the angular frequency
of excitation. !0 = 2f0 is the angular eigenfrequency of the system. Q is known as the
quality factor. It can be measured from the mechanical response of the cantilever in a
frequency sweep. Q is then given by the ratio of the angular resonance frequency !0 and
the full width at half maximum !1=2:
Q =
!0
!1=2
=
f0
f1=2
=
f0
f+1=2   f 1=2 : (3.2.4)
This means, !1=2 denotes the bandwidth between the frequency below (f 1=2) and above
(f+1=2) the resonance frequency f0 at which the power of vibration drops to half the power
at resonance and consequently the oscillation amplitude is decreased to 1p
2
Af0 = 0:707Af0
(ﬁgure 3.2.1).
In absence of external forces, the resonance frequency of the undisturbed steady-state
oscillation is [40]:
f0 =
1
2
r
k
m
: (3.2.5)
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m denotes the eﬀective mass of the cantilever [38], which accounts for the concentrated
tip mass at the end and the distributed mass along the cantilever. k is the force constant
of the cantilever.
When the tip is approached to the sample surface, the interaction forces ~F =
P
i
~Fi
will inﬂuence the cantilever oscillation. In order to account for these forces, an additional
term 1
m
Fz =
1
m
P
i Fi;z is added on the left hand side of equation (3.2.3). Assuming small
oscillation amplitudes the modiﬁed resonance frequency can be expressed as [40]:
fres =
1
2
r
k + ﬀ
m
; (3.2.6)
with a new eﬀective spring constant, keff = k+ﬀ. The additional term ﬀ = @Fz@z , represents
the force gradient in z direction. If the force gradient is small (@f
@z
ﬁ k), the shift of the
resonance frequency f is:
f =
f0
2k
@Fz
@z
: (3.2.7)
Two assumptions are implicitly involved here: First, the cantilever is parallel to the sample
plane (in the equilibrium position), therefore the direction normal to the cantilever is the
z direction. Second, lateral force components are assumed to be negligible in equation
(3.2.7): A constant lateral force will either cause a constant tilting, or a constant buckling
of the cantilever. They only enter equation (3.2.7) by their normal gradient component,
@Fx
@z
and @Fy
@z
. Note that they are neglected since being very small compared to @Fz
@z
.
Distance control
While approaching the sample surface, not only the resonance frequency fres will be shifted
due to interaction forces, as described by equation (3.2.7). Simultaneously, the amplitude
A of the cantilever oscillation, as well as the phase angle ﬃ, with respect to the excitation,
will also change (see ﬁgure 3.2.2a). Consequently, any of them may be used as a feedback
signal in order to control the tip-sample distance. In practice, two operating modes are
typically diﬀerentiated, amplitude modulation (AM-AFM) and frequency modulation (FM-
AFM).
In AM-AFM, the cantilever is constantly vibrated at (or slightly oﬀ) its free resonance
frequency f0 at all times with a constant excitation amplitude. Either the tip or the
sample is moved vertically by the piezo stage during the scan, such that the amplitude of
the cantilever oscillation is kept constant. The topographic proﬁle of the sample surface
can be derived by monitoring the voltage signal, which is applied to the z-piezo (z position)
in order to maintain the feedback loop. When large oscillation amplitudes are used (>
34
3 Magnetic force microscopy 3.3 MFM interaction detection modes
10nm), this mode is called tapping or intermittent contact mode [41, 42] since the tip
reaches the repulsive force regime at the oscillation point closest to the surface. This
technique is regarded as a simple and robust detection method, that works ﬁne for most
AFM experiments at ambient conditions.
If the AFM is operated under vacuum conditions, the quality factor Q is typically much
larger (Qﬂ 100) than for measurements at ambient. As a consequence, the amplitude of
the cantilever oscillation will change very slowly (up to several seconds), if the resonance
frequency is shifted.
The FM-AFM technique [43] (also called non-contact mode) circumvents the problem of
transient oscillations. A phase-locked loop (PLL) is used to adjust the excitation frequency
fexc to the present resonance frequency [44]. The frequency shift of the cantilever f ,
relative to the free oscillation resonance f0, is used as the feedback signal to control the
probe-sample distance. At the same time, a second feedback loop controls the excitation
signal to compensate the damping of the oscillation, so the cantilever oscillation amplitude
is kept ﬁxed.
Interaction Forces
Up to this point the interaction forces that were introduced into the mathematical de-
scription of the system in equation (3.2.3) and that ﬁnally led to the modiﬁed resonance
frequency in equation (3.2.6), have not been further speciﬁed. Basically, an AFM image
is the representation of an interaction map. A detailed discussion of the involved forces
between tip and sample surface is therefore inevitable for the interpretation of any image.
The interactions can be categorized into short-range and long-range interactions. Short
range interactions are, e.g., the repulsive exchange interaction (see section 2.1.2) and chem-
ical forces, which are caused by the overlap of the wave functions of the tip and surface
atoms and hence extending a few Å only. Interactions of induced dipoles (van-der-Waals
interaction) are attractive and decay on a length of several nm.
Electrostatic and magnetic interactions are of the long-range type. On short distances
to the surface, they are exceeded by the short-range interactions. In order to detect them
by an AFM probe, a higher separation (r ' 20nm) between tip and sample surface has to
be chosen.
3.3. Interaction detection in magnetic force microscopy
Although diﬀerent measurement schematics are used for imaging the long-range magnetic
interactions, they share the same basic principle of force discrimination. Irrespective of the
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(a) (b)
Figure 3.2.2.: When interaction forces inﬂuence the oscillation of the cantilever, am-
plitude, phase angle and frequency will change. (a) AM-AFM: The
cantilever is excited at a constant oscillation frequency f0 with a con-
stant excitation amplitude. Changes in the amplitude or the phase of
the cantilever oscillation (A or ﬃ) are detected. (b) FM-AFM: The
cantilever is vibrated at its present resonance frequency fres. The shift
of the frequency f , and also the phase change ﬃ, is detected. A
second feedback loop keeps the amplitude of the cantilever oscillation
at a constant value.
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chosen method, the measurement starts with a scan of the surface topography at a small
tip-surface separation. Subsequently, an additional separation h between tip and surface
is established, known as lift height. In a second pass scan with the distance feedback turned
oﬀ, the magnetic information is acquired. The various methods diﬀer on the point whether
or not the second pass lift is used in a point-by-point, line-by-line or plane-wise fashion,
and whether the lift h is constant or not. In the simplest case the tip (or the sample) is
scanned in a real space plane (z = h+m  x+ n  y) above the sample during the second
pass (sometimes this is called plane scan mode). However, this measurement is susceptible
to drifts of the sample and suited for ﬂat surfaces only (roughnesses / 10nm).
Alternatively, each line can be scanned in two passes, which reduces the drift prob-
lem. This variant can be improved further, by subtracting the height proﬁle, which was
acquired in the ﬁrst pass, in the second pass, i.e., z2nd(x) = z1st(x) + h. Hence, a con-
stant separation between tip and sample surface is assured at every point of measurement,
which minimizes the eﬀect of short-range interactions on the second-pass image (topography
crosstalk). This variant is called lift mode or two-pass MFM.
Figure 3.3.1 illustrates this principle. It is assumed here, that the magnetic interaction
does not change signiﬁcantly on the length scale of the topographic height proﬁle [z1st(x)].
Otherwise this can lead to diﬃculties in the interpretation of MFM images, if this distance
variation is ignored.
Generally the inﬂuence of the short-range interactions on the second pass image can be
reduced by choosing large separations h. However, this comes with a reduction in lateral
resolution and signal strength, hence aﬀecting the signal-to-noise ratio in MFM. Typical
values of the lift height h are in the range of 10nm to 100nm.
Both detection methods described above, amplitude and frequency detection, can be
used in MFM measurements. In the case of amplitude detection, the phase image of the
second pass is typically used for analysis. Returning to the treatment of the harmonic
oscillator model in equation (3.2.3), one ﬁnds the expression for the phase angle ﬃ (in
radians) by which the driving signal leads the interaction-free cantilever oscillation to [45]:
ﬃfree = tan
 1

m!!0
Q(k  m!2)

: (3.3.1)
For a cantilever driven at its fundamental resonance !0, the phase angle ﬃfree;0 is =2. As
mentioned above, any tip-sample interaction changes the spring constant of the cantilever
to an eﬀective value keff = k+ﬀ, with ﬀ ﬁ k. The phase angle of the interacting cantilever
than reads as:
ﬃint = tan
 1

m!!0
Q(k + ﬀ  m!2)

: (3.3.2)
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Figure 3.3.1.: Illustration of the two-pass measurement technique. For each scan line,
the topographic proﬁle of the surface is recorded at ﬁrst at a small
distance (a). Then the tip is retracted by a lift height of h from
the surface and the magnetic signal is recorded in a second scan pass
(b). The vertical distance between tip and surface is kept constant, by
retracing the height proﬁle acquired during the ﬁrst pass.
Accordingly, the present phase angle ﬃ, for an excitation at !0, becomes:
ﬃint;0 = tan
 1

k
Qﬀ

: (3.3.3)
Now the phase shift ﬃ is deﬁned as being the diﬀerence of phase angle between free and
interacting cantilever oscillation:
ﬃ = ﬃfree;0   ﬃint;0 = 
2
  tan 1

k
Qﬀ

 Qﬀ
k
=
Q
k
 @F
@z
: (3.3.4)
The AFM set-up used for all measurements presented in this thesis records the present
phase angle ﬃint;0 in the second scanning pass.
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3.4. Image formation in MFM measurements
In order to understand the magnetic contrast formation in MFM experiments, one needs to
consider the magneto-static interaction between tip and sample, which enters into equation
(3.2.7) in the form of a magnetic force Fmag acting on the cantilever.
The starting point is the magneto-static interaction energy U of the magnetic tip, bearing
the magnetization ~Mtip, in the presence of the magnetic (stray or demagnetizing) ﬁeld of
the sample ~Hsmpl. This is equal to the energy of the magnetization ~Msmpl of the sample,
in the stray ﬁeld of the tip, ~Htip:
U =  0
Z
tip
~Mtip  ~HsmpldV =  0
Z
smpl
~Msmpl  ~HtipdV : (3.4.1)
Which one of the two expressions is favoured for calculation, depends on the speciﬁcs of
the experiment. The calculation of the stray ﬁeld usually represents the most demanding
part. Therefore the variant with an easier stray ﬁeld calculation should be used. The
magnetic force ~Fmag, acting on the tip, can be calculated as the gradient of the interaction
energy. Again, considering the fact that the force component detected by the cantilever
deﬂection is Fmag;z, we follow:
Fmag;z =  @U
@z
= 0
Z
tip
@
@z

~Mtip  ~Hsmpl

dV ; (3.4.2)
and consequently,
@Fmag;z
@z
= 0
Z
tip
@2
@z2

~Mtip  ~Hsmpl

dV ; (3.4.3)
which is proportional to the measured signal f or ﬃ. To analyze @Fmag;z
@z
, a model
describing the shape and the magnetization of the tip is needed. A ﬁrst simpliﬁcation can
be made, by assuming a uniform magnetization of the tip, i.e. ~r ~M = 0. Equation (3.4.3)
then becomes:
@Fmag;z
@z
(~r) = 0
Z
tip
X
i=x;y;z
Mtip;i  @
2Hi(~r + ~r
0)
@z2
dV
0: (3.4.4)
We see from this expression that the MFM signal is connected to the second spatial
derivative of the sample's stray ﬁeld and the magnetization of the tip.
Expression (3.4.4) is further simpliﬁed in an instructive way, by using the so called point
probe approximation (PPA) [13,14] as the tip model. Herein the magnetization of the tip
is described by an eﬀective magnetic monopole (q) or dipole moment (~m), located in a
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Figure 3.4.1.: Representation of the AFM tip and the sample with the notation of
position vectors used in equation (3.4.4).
single point ~ within the tip. @Fmag;z
@z
then takes the form:
@Fmag;z
@z
(~r) = 0  q  @
2Hz(~r + ~)
@z2
; (3.4.5)
assuming a monopole moment q. With the point dipole approximation it reads as:
@Fmag;z
@z
(~r) = 0
X
i=x;y;z
 
mi
@2Hi(~r + ~)
@z2
!
: (3.4.6)
Example: MFM on a hard disk drive sample
Although the PPA is a very imprecise description, it can be helpful to qualitatively un-
derstand image formation in many cases. As a test case for MFM, the magnetic recording
layer of a commercially available hard disk drive (HDD) sample shall be discussed here
(ﬁgure 3.4.3). Magnetic recording thin ﬁlms are excellent test samples for MFM, because
of the deﬁned and regular magnetic structure in the written "domains" (or bit cell). Ac-
tually the magnetic thin ﬁlm is a polycrystalline alloy of Co, Cr and Pt and the so called
"domains" are composed of smaller grains (which themselves are true single domains). The
grains have diameters in the range of 10nm and one bit cell contains of order 100 grains
(ﬁg. 3.4.2a) [46]. For the interpretation of the MFM images it is suﬃcient here, how-
ever, to treat the bit cells as uniformly magnetized blocks (ﬁgure 3.4.2b). The transitions
of magnetization at domain boundaries are assumed to be discrete. This approximation
can be justiﬁed, as the domain wall widths (w   
p
A=K) are very small in this high
anisotropy (large K) materials. Additionally, the exchange interaction is eﬀectively re-
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Figure 3.4.2.: (a) Illustration of the polycrystalline structure of the magnetic thin ﬁlm.
Small magnetic grains with their individual magnetization directions
collectively build up larger areas with a net magnetization pointing in
one of two in-plane directions. (b) These larger magnetized areas ("bit
cells") represent the binary digits.
duced (small A) in these materials, because non-magnetic elements are segregated towards
the grain boundaries during the fabrication process by thermal treatment, in order to de-
couple grains. The interaction with the MFM tip is therefore solely caused by the fringing
ﬁelds of the bit cells (see ﬁgure 3.4.3b).
The MFM image displayed in ﬁgure 3.4.3a, was recored on a HDD with in-plane magnetic
anisotropy. This means, that the magnetic domains are predominantly oriented parallel
to the sample plane, since this orientation is favoured by the magnetic anisotropy of the
material. Domains or bits hence are written in +x- and  x-direction. A commercially
available MFM tip was used for the measurement. These tips are fabricated by deposition
of a ferromagnetic thin ﬁlm on a silicon AFM tip. Therefore the ferromagnetic material
typically assumes the shape of a hollow pyramid, although diﬀerences exist depending
on the fabricator. This shape favors a magnetization pointing along the tip axis. The
tip's magnetization is thus represented in the PPA as a point dipole in  z-direction,
positioned centric within the tip (see ﬁgure 3.4.3b). As the x- and y-component, mx and
my, of the tip's magnetic moment are zero in equation (3.4.6), only the z-component of
the magnetic stray ﬁeld Hz, emanating from these domains, contributes to the contrast
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formation. However, the z-component of the ﬁeld Hz, and hence its second derivative
@2Hz=@z
2, vanishes above the domains. Thus only at domain transitions bright (head-to-
head magnetization) or dark (tail-to-tail) lines are visible, due to a non vanishing vertical
magnetic ﬁeld Hz there (ﬁgure 3.4.3b).
Since 2005 the ﬁrst hard disk drives have been commercially available that use the more
advanced perpendicular magnetic recording (PMR) technique [47]. Contrary to the previ-
ous standard of longitudinal recording, materials with a preferential magnetic orientation
perpendicular to the surface plane are used. This orientation allows smaller bit patterns
and higher storage densities.
Figure 3.4.3b illustrates the situation, if one measures on such a perpendicular magnetic
recording media. Due to the out-of-plane orientation of the magnetization, a stray ﬁeld
in +z- or  z-direction, Hz, exists above each domain. Here, positive and negative phase
shifts appear directly over the domains themselves.
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Figure 3.4.3.: (a) MFM image of a hard disk drive sample with in-plane orientation
of the magnetic domains. (b) Illustration of the connection between
domain orientation and the resulting MFM signal (frequency (f) or
phase shift ()). The tip is approximated by a point dipole moment,
pointing in  z-direction. Only where the z-component of the magnetic
ﬁeld does not vanish (above the domain transitions), the interaction
with the tip will cause a measurable signal. Contrary to this, the MFM
signal is strongest directly above the domains themselves in the case of
perpendicular recording media (c).
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Application of MFM for investigations of magnetic micro- and nanostructures
In real MFM experiments the interpretation of the measured images is generally not as
easy, as in the example described above. One usually can not derive the magnetization
of the sample from MFM images in such a simple straightforward fashion. This becomes
clear by looking at equation (3.4.4) again. It illustrates the perception, that the MFM
image represents a 2-dimensional interaction map with the stray ﬁeld of the sample at the
surface. This stray ﬁeld in turn is a consequence of the 3-dimensional, spatially varying
magnetization ~M(~r) inside the sample. Moreover, the interaction map is convoluted with
the spatial distribution of the tip's magnetization, which requires an accurate model of the
tip for image interpretation. MFM measurements therefore often need to go hand in hand
with a theoretical description of the sample, as well as the tip, to prevent incorrect image
interpretation.
The initial experimental situation for an MFM measurement therefore could be, e.g.,
as follows: The task is to investigate the unknown time development of magnetization
~M(~r) of a magnetic nanostructure in the presence of a continuously varying external ﬁeld
~H. From earlier investigations a model of the initial magnetic domain conﬁguration of
the sample (without external ﬁelds) might exist. How to interpret the MFM images at
certain stages of the external ﬁeld cycle? A viable route could be, to evaluate the initial
sample model under variation of the external ﬁeld parameter in terms of domain theory or
by numerical micro-magnetic calculations (see section 2.1). By variational calculus, or by
solving the LLG equation (2.1.17), respectively, one will come up with a modiﬁed model
of the magnetization conﬁguration at the present external ﬁeld value. Using this modiﬁed
model, the stray ﬁeld of the sample at the position of the tip can be calculated. To do so,
the concept of the magneto-static potential, shortly introduced in section 2.1, or numerical
methods might be used. With an appropriate tip model and the second derivative of the
stray ﬁeld at the position of the tip, the MFM signal can be simulated at every point
of the scan. If the measured and the simulated MFM image agree well, the theoretical
model may be assumed correct. If not, the model needs to be modiﬁed until consistence
is achieved.
3.5. Resolution and Sensitivity
The lateral resolution of MFM can be deﬁned equally to other imaging techniques, i.e. as
the minimum distance between two closely spaced objects, at which they can still be dis-
cerned. It is clear, that a minimal distance between sample and probe is essential for a high
44
3 Magnetic force microscopy 3.5 Resolution and Sensitivity
resolution, as the magnetic stray ﬁelds from diﬀerent sources superimpose each other at
larger distances. On the other hand, at short probe-sample distances, superimposed short-
range interactions hinder the desired detection of magnetic interactions. Therefore, an
optimum has to be found between ensuring a topography-free signal and a high resolution.
For a given scan height, a high lateral resolution is achieved by a precise local tracing
of the stray ﬁeld ~H(~r). As the integral of @2=@z2

~Mtip  ~Hsmpl

in equation (3.4.3) is
executed over the whole volume of the tip, this is equivalent to the statement that the tip
volume - at least the magnetic part - should be as small as possible.
However, reducing the volume of the magnetic material means, that the net magnetic
moment of the tip, ~ =
R
tip
~M(~r0)dV 0, is also reduced. As a consequence a loss in the
magnetic signal strength needs to be taken into account. Sensitivity is often worth of
consideration, because magnetic stray ﬁelds naturally tend to be weak. In section 2.1.2
the demagnetization energy of a magnetic body was mentioned. It can be deduced from
the description given there, that it is energetically favorable to conﬁne the magnetic ﬂux
inside the body of the magnet and to reduce the stray ﬁeld, e.g. by building up domains.
One can try to maximize the signal by the use of a high moment material (i.e. high
saturation magnetization). It is also advantageous, if the magnetic tip bears a uniform
magnetization. On the one hand, this simpliﬁes the image interpretation, as equation
(3.4.4) then applies for calculation of the signal. On the other hand it guarantees the
highest possible net moment ~.
Sensitivity in MFM measurements is ultimately limited by the background noise level.
Origins of noise can be thermal agitation of the cantilever, mechanical vibration, electronic
noise etc. By increasing the measurement time, the bandwidth B of the measurement
can be reduced and white noise (frequency independent noise) can be suppressed. The
measurement bandwidth is related to the measurement time by the time between two
pixels of the measurement t and the total number of pixels N in a scan [48]:
B =
1
t
  1
Nt
 1
t
: (3.5.1)
However, the 1=f noise will increase, when the bandwidth is reduced. This is illustrated in
ﬁgure 3.5.1: With increasing measurement time, the measurement band will shift towards
lower frequencies, where 1=f noise is stronger. This kind of noise can be caused, e.g.
by drift, temperature variations or piezo creep. With appropriate experiment design and
precautions, all these noise sources can be minimized. This leaves thermal noise as the
most dominant noise source in MFM measurements. From the analysis of noise in the
oscillatory system described in equations (3.2.3 ﬀ.), a minimum of the detectable force
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Figure 3.5.1.: 1/f-noise increases with increasing measurement time, although the
bandwidth of the measurement B is reduced.
gradient for slope detection can be found [39,43]:



@F
@z
AM
rms
=
s
2kBTkB
!0Q < z2osc >
: (3.5.2)
Here kB is the Boltzmann constant, T is the temperature of the system, c is the force
constant of the cantilever and B is the measurement bandwidth. < z2osc > is the mean
square amplitude of the driven cantilever oscillation. The expression for the minimum of
the detectable force gradient in FM detection is nearly equal to (3.5.2):
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4kBTkB
!0Q < z2osc >
: (3.5.3)
Example:
Assuming the following values: k = 5N m 1, T = 300K, Q = 100, f0 = !0=2 = 150 kHz,
< z2osc >= (12nm)
2, B = 256Hz, the minimum detectable force gradient using AM AFM
detection becomes: 


@F
@z
AM
rms
= 9:909 10 5N m 1:
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For FM-detection, using the same parameters as above, equation (3.5.3) yields:



@F
@z
FM
rms
= 14:013 10 5N m 1:
According to equation (3.3.4), this translates to a phase shift ﬃ in the MFM image of:
ﬃ = 1:98 10 3 rad = 0:1135°;
for AM detection, and:
ﬃ = 2:80 10 3 rad = 0:1605°;
for FM detection.
Another aspect, that can aﬀect sensitivity, is the occurrence of bilateral magnetization
processes between tip and sample. Both, the tip and the sample, can inﬂuence each others
magnetization, when their stray ﬁeld is strong enough. In some cases magnetic tips with
a small magnetic moment are therefore favorable for measurements on delicate samples.
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4. Ferromagnetic core-shell
nanoparticles - Preparation and
characterization
The following chapter describes the ﬁrst part of the preparation procedure for the MFM
particle probe: the fabrication of suitable ferromagnetic particles that will be attached
to an AFM tip later. Before the actual preparation is described, the following question
shall be answered ﬁrst: What criteria need to be satisﬁed to obtain 'suitable' particles?
Section 4.1 of this chapter therefore formulates these requirements. Based on that, several
ferromagnetic materials will be evaluated for the particle fabrication, thereby justifying the
decision for cobalt and iron-platinum alloy particles which were used in the experiments
later.
Section 4.2 contains a description of the photochemical technique that was used to
encapsulate the fabricated particles with a thin layer of gold. This surface modiﬁcation
of particles has a two-fold purpose. The ﬁrst one is a chemical passivation of the particle
surface. Like most magnetic materials, Co and FePt tend to oxidize fast in ambient
conditions. As this thesis aims for MFM probes that can be used in vacuum, but also in
ambient, oxidation needs to be prevented somehow. The second purpose fulﬁlled by the
Au shell is the allocation of binding sites for linker molecules that are later used for the
attachment of the particles to the AFM tips.
In sections 4.3 and 4.4 the results of the fabrication and photochemical gold deposition
for Co and FePt particles will be reported.
This is followed by a magnetic characterization of the nanoparticle samples in section
4.5. In particular it will be shown that the prepared Co particles are ferromagnetic at room
temperature on the basis of measurements with a superconducting quantum interference
device (SQUID). Furthermore, the exchange bias eﬀect of oxidized Co particles was used
to prove the chemical passivation by the deposited gold shell. At last, MFM measurements
on the particle samples will be considered, with a special focus on the long-term stability
of the magnetic signal measured on FePt/Au core-shell particles.
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4.1. Preliminary - Probe requirements and material
choice
Based on the insights gained from the theoretical discussions in chapters 2 and 3, one can
formulate some general requests that magnetic particles have to meet in order to be useful
as MFM probes.
As stated above, an ideal MFM probe is theoretically described by a magnetic point
dipole moment. A physical realization, which approximates this model probe to quite
some extent, is given by a very small magnetic particle of spherical shape having a uni-
form magnetization. 'Small' in this context means that the size of the particle is at least
smaller than the average distance between probe and sample surface during magnetic im-
age recording. Aside from a high spatial resolution, this guarantees that the magnetic ﬁeld
of the particle, which is 'seen' by the sample, exhibits the characteristics of a magnetic
point dipole. It is a well known fact from classical electrodynamics, that the magnetic
ﬁeld of any magnetic source will asymptotically take on the form of a magnetic dipole
ﬁeld, given that the distance to the source is large enough. Apparently, the advantage of a
uniformly magnetized small particle lies in the fact, that its magnetic ﬁeld can be described
as a dipole ﬁeld at signiﬁcantly smaller distances than it is the case for any multi-domain
state. Consequently, the size conditions for the occurrence of the single-domain state sets
limits to the possible particle size. That is to say, the particle needs to be small enough in
order to be below the critical value for the formation of multi-domain states, but it also
needs to be big enough to avoid the onset of superparamagnetism. Thermally activated
ﬂuctuations of the particle magnetization would inevitably prohibit the acquisition of any
consistent probe-sample interactions during an MFM measurement.
The single-domain size regime is particularly broad for particles with a high uniaxial
magnetic anisotropy Ku. This can be seen from equations (2.4.2) and (2.2.2). The for-
mer yields the following relation between the superparamagnetic size limit RSP and the
anisotropy:
RSP 

1
Ku
1=3
; (4.1.1)
whereas, in the latter, the anisotropy is related to the upper limit of the single-domain
regime rSD as:
RSD 
p
Ku: (4.1.2)
One way to achieve a high magnetic anisotropy of a particle is to use a material with
extraordinarily large (uniaxial) magneto-crystalline anisotropy.
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Substance Magnetization Curie Temp. Anisotropy Structure
0MS TC K1
(T ) (K) (MJ m 3)
Fe 2.15 1043 0.048 (cubic) Cubic bcc
Co 1.76 1388 0.53 (uniaxial) Hex. hcp
Ni 0.62 631 -0.0048 (cubic) Cubic fcc
CoPt 1.00 840 4.9 (uniaxial) Tetr. CuAu (I)
FePt 1.43 750 6.6 (uniaxial) Tetr. CuAu (I)
FePd 1.37 760 1.8 (uniaxial) Tetr. CuAu (I)
Fe3O4 0.60 858 -0.011 Cubic MgAl2O4
 Fe2O3 0.47 863 -0.0046 Cubic disordered
spinel
SmCo5 1.07 1003 17.0 (uniaxial) Hex. CaCu5
Nd2Fe14B 1.61 585 5.0 (uniaxial) Tetr. Nd2Fe14B
Table 4.1.1.: Intrinsic bulk properties of some magnetic materials. MS and K1 are
values at room temperature. [30]
Besides superparamagnetism, there is another reason for regarding particles above a
critical size: The net magnetic moment of the particle (and therefore the magneto-static
interaction with the sample) is proportional to its volume. In order to still achieve suﬃ-
ciently high magnetic interactions at a small particle size, materials with a high (saturation)
magnetization should be used.
Naturally, a high coercivity of the particle is beneﬁcial, because a torque ~T will be exerted
on the particle's magnetization in the stray ﬁeld of the sample, which hence tends to align
itself in the direction of the ﬁeld. From the dependence of the particle's coercivity versus
particle radius, which is depicted in ﬁgure 2.5.1 in chapter 2, one can deduce the optimal
particle size. At the transition from coherent rotation to the curling type of magnetization
reversal, the coercivitiy reaches its highest value within the single-domain regime.
Material choices
In table A.1.1 the intrinsic properties of some magnetic materials are listed. One can see in
this listing, that among the chemical elements that are ferromagnetic at room temperature,
iron is the one with the highest saturation magnetization of 0MS = 2:15T . Cobalt
(with 0MS = 1:76T ) and nickel (with 0MS = 0:62T ), follow on the second and third
position in this context. Metallic Fe or Co nanoparticles therefore are favoured in terms
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of MFM sensitivity, as these materials potentially yield the highest net magnetic moment
for any given particle size. However, a signiﬁcant drawback of these material is their
strong reactivity with respect to water and oxygen. When exposed to air, a paramagnetic,
antiferromagnetic or ferrimagnetic layer of oxidized material is formed at the surface of
the particle, or even the whole particle is oxidized. As a result, the magnetic moment
and anisotropy of the particle will deteriorate, and the magnetic properties of the MFM
particle probe will change with time.
With nanoparticles made from an iron oxide, e.g. magnetite (Fe3O4) or maghemite
( Fe2O3), which are magnetic materials themselves, reactivity is not a problem. What
rules them out for magnetic imaging, however, is their small anisotropy and their moderate
saturation magnetization. The former has the consequence that only small iron oxide
particles exist as magnetic single-domains (DSD = 12:4nm in the case of Fe3O4). At the
same time, virtually any single-domain iron oxide particle will be superparamagnetic in
a measurement at room temperature [DSP (Fe3O4) = 26:4nm]1. This is also the case for
metallic Fe nanoparticles that have a critical single domain diameter DSD = 15:6nm, just
below the onset of superparamagnetism DSP = 16:1nm. Compared to this, Co, due to its
larger magneto-crystalline anisotropy, oﬀers a rather wide size range that allows for the
existence of single domain particles (from diameters as small as RSP = 7:2nm, up to RSD =
68nm). The combination of a high magnetic moment with a high magnetic anisotropy,
with a relatively moderate amount of eﬀort needed for gas-phase based fabrication of Co
nanoparticles, makes them an attractive candidate for this study.
With the help of sophisticated synthesis routes, particles with even higher magneto-
crystalline anisotropy can be fabricated, thereby allowing for a stable magnetization at
smaller particle sizes. The superparamagnetic size limit of small magnetic particles has
gained intensive attention in the context of the development of magnetic recording media
as it became clear that spontaneous magnetization reversal of small magnetic grains will
limit the achievable areal density of this technology [50, 51]. In 1997, Charap et al. [52]
postulated this to occur at about 40Gbit=in2, given that Co alloy based materials with
anisotropies of approximately K1 = 0:3MJ m 3 are used. Subsequent roadmaps envisaged
an areal density of 40 to 100 Gbit=in2 [53].
This prospect has been the main driving force behind the research in thin ﬁlms of
hard magnetic materials with high uniaxial magneto-crystalline anisotropy Ku, despite
1 Aside from magnetic imaging, this is a property that makes iron oxide particles attractive for other ﬁelds
of research, especially in biomedical applications. Iron oxide particles are used for immunoassays, as
magnetic resonance imaging contrast agents, and targeted drug delivery vehicles, as well as in magnetic
hyperthermia [49]. Superparamagnetic particles are preferred in these application, because they do not
have a remanent magnetization that could lead to agglomeration of particles in the body.
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the fact that this poses the problem that considerably higher ﬁelds are needed to record
into such materials [54]. Prominent examples of such high Ku materials are rare-earth
transition metals (SmCo5) and intermetallic alloys with tetragonal crystal symmetry in
the chemically ordered L10 phase2 (FePt, CoPt, ...). These materials exhibit magneto-
crystalline anisotropies 20 - 40 times higher than in the 'conventional' hexagonal Co-alloys
therefore allow for approximately 3-times smaller diameters of magnetically stable grains.
Besides the research in thin ﬁlm fabrication of such materials, techniques for growing
monodisperse nanoparticles exhibiting the same material composition and high anisotropy
values have emerged since [5558]. Naturally, the fabrication of these alloy compound
particles is more sophisticated than fabrication of transition metal particles. Figure 4.1.1
illustrates that single domain particles with sizes up to several hundred nm are theoretically
possible with these materials. At the same time particles of the same material and with
sizes of only a few nm in diameter are magnetically stable at room temperature. Anyhow,
in practice, particle sizes are often limited by the constraints of the respective fabrication
method.
Figure 4.1.1 shows the saturation magnetization MS and calculated critical diameters
for the onset of superparamagnetism DSP and the single-domain state DSD, for diﬀerent
materials (for the calculation of the critical diameters, see Appendix A.1).
In this thesis two diﬀerent kinds of particles have been used for experiments: Co nanopar-
ticles, readily available by gas phase condensation and approximately 30nm in diameter
were used for the majority of the experiments in order to establish the general preparation
route and functionality of the particle probes. Similar experiments have then been con-
ducted with smaller L10 phase FePt nanoparticles with diameters of about 5nm. These
particles come closer to the proposed characteristics of an ideal probe due to size. Synthesis
and properties of the two sample batches will be presented in the following sections.
2 The L10 phase is a crystallographic derivative structure of the fcc structure. In the fcc unit cell all faces
and corner sites are occupied by the same atoms, or in the case of an alloy, the probability for each site
to be occupied by a speciﬁc element is the same. In contrast to this, the corners and one side of the unit
cell of the L10 structure is occupied by one type of atoms and the other faces are occupied by the second
type of atoms (See ﬁgure 4.4.2 in section 4.4 for an illustration of the unit cell of L10 ordered FePt).
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Figure 4.1.1.: Saturation Magnetization MS and calculated critical diameters for the
occurrence of the single-domain state (DSD) and superparamagnetism
(DSP ) in magnetic nanoparticles. The desired particle sizes can be
found between DSP and DSD (turquoise area). For a listing of the
magnetization values and critical diameters, see tables A.1.1 and A.1.2.
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4.2. Photochemical metal deposition
For the past few years, the optically induced reduction of metal salt complexes in solution
has been successfully applied for the manipulation of metallic nanoparticle properties in
a series of studies. Härtling et al. used this method to deposit thin layers of gold onto
gold nanoparticles [59]. The controlled growth of these Au particles was demonstrated for
intentionally-addressed single particles, thereby tuning their optical plasmon resonances,
but also for dimers [60], as well as for extended arrays of particles [61].
In this thesis the method is used for the growth of a passivation shell around magnetic
nanoparticles distributed on a substrate. Although various photochemically active metal
salts exist, tetrachloroaureate (HAuCl4) and correspondingly metallic gold as reaction
product were chosen, as gold is chemically inert. The underlying chemical reaction in
tetrachloroaureate (HAuCl4) that is triggered upon irradiation, proceeds as follows:
2AuIIICl 4
h ! 2AuIICl 3 + 2Cl0 (4.2.1)
2AuIICl 3  ! AuIIICl 4 + AuICl 2 (4.2.2)
AuICl 2
catalyst    ! Au0 + Cl0 + Cl : (4.2.3)
In the ﬁrst step, which is triggered by photon absorption below h  500nm, bivalent
AuIICl 3 ions are formed. These ions are instable and quickly disproportionate and Au
ICl 2
iones are formed, which are metastable with a lifetime up to several hours and need a
catalyst for further disproportionation [6163]. This catalyst is given here in the form of
the nanoparticles serving as seed nuclei. Zero-valent gold Au0 is consequently formed at the
surface of the particles, which gives rise to a diﬀusion current towards them (Fig. 4.2.1).
Due to the need for a catalytic seed, a high lateral selectivity of the gold deposition can be
achieved and no material is deposited in between the particles. It is possible, however, that
gold particles are already formed in the solution during irradiation and are then randomly
deposited onto the substrate.
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substrate nanoparticles 
Au diffusion
gold salt solution
UV irradiation
photochemically formed Au ion
I
I
Figure 4.2.1.: Metallic nanoparticles are covered by a droplet of HAuCl4 solution.
Upon irradiation AuICl 2 ions are formed in the solution. At the sur-
face of the particles the ions are reduced to elemental gold Au0, which
triggers a diﬀusion current of AuICl 2 ions.
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4.3. Preparation of Co/Au core-shell nanoparticles
4.3.1. Gas phase condensation of Co nanoparticles
The cobalt nanoparticles used in this thesis were fabricated by inert gas phase condensation
[64, 65]. This method allows a large scale deposition of spherical particle clusters with a
narrow size distribution. The particle formation is realized by vaporization of a precursor
material into a low density inert gas environment. For the evaporation, heating of a
crucible containing the material, a thermal plasma or laser ablation can be employed. The
eﬀused metal particles are quickly slowed down by collision with the inert gas molecules.
As a consequence the vapour rapidly cools down and supersaturation sets in, followed by
a homogeneous nucleation of particles. Coalescence of these liquid particles then leads
to growth of particle clusters, that eventually hit the substrate. The particle clusters
are therefore randomly distributed on the Si substrate that was used here. Due to the
described agglomeration of small primary particles during the growth stage, each of the
ﬁnal particles (or particle clusters) has a polycrystalline structure composed of several
grains with diﬀerent crystal lattice orientations [65].
The size of the particle clusters can be controlled by the inert gas pressure [66]. As
described before, the goal was to produce magnetic single domain particles. The particle
diameter was therefore chosen to be approximately 30nm, which is well within the single
domain size regime of cobalt (Fig. 4.1.1). The particle distribution was examined by
scanning electron microscopy (SEM). Figure 4.3.1a shows representative SEM images of
the as-fabricated Co particles.
Due to the transfer in ambient conditions, some surface oxidation will always occur.
Typically, Co particles form an oxide shell of 2 - 3 nm when exposed to ambient conditions
for several hours [67]. This oxide shell is also revealed by SEM as displayed in ﬁgure 4.3.1b.
Due to a high acceleration voltage (30 kV ), the electrons can penetrate into the particle
and interact with the cobalt core giving rise to a weak material contrast.
Analysis of SEM images was used for the measurement of the particle size3. A gray
scale threshold was applied in the image, in order to discriminate between particles and
background (ﬁgure 4.3.1c). Furthermore, only dispersed single particles were chosen for
this analysis and no clustered particle arrays are included. The particle diameter was
then calculated from the projected area in the SEM image, assuming a circular shape
(d = 2 pA=).
As seen in ﬁgure 4.3.1c, the majority of the oxidized particles is distributed around a
3 The image analysis tool ImageJ was used here.
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mean lateral extension of 32:5nm with a standard deviation of 5:3nm. This distribution is
superimposed by a broad contribution from bigger particles. Clusters that have not been
excluded by the particle selection might account for these excess particles to some extend.
However, a bimodal size distribution or a clustering of a certain fraction of particles is not
a problem, as individually selected particles will be used for the probe fabrication later.
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Figure 4.3.1.: SEM images of Co particles (a/b), prepared by gas phase condensation
on a Si substrate, at two diﬀerent magniﬁcations. The sample was
exposed to ambient conditions for several minutes during the transfer
to the SEM. Therefore an oxide layer at the surface of the particles
can be seen in the SEM at higher magniﬁcations. By image analysis
of (a), dispersed single particles (red) and clusters of particles (black)
are discriminated from the background (c). Including only the isolated
particles, a size distribution for single particles can be extracted (d).
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4.3.2. Hydrogen plasma treatment
In the next step, hydrogen plasma at p = 1 10 1mbar and ambient temperature was
used to reduce the surface oxides, followed by an annealing step at 650 °C for 5 minutes
to drive out the hydrogen from Co nanoparticles [68]. X-ray photoelectron spectroscopy
(XPS) conﬁrmed the successful reduction and only metallic Co was detected on the sample.
4.3.3. Gold shell growth
Directly after breaking the vacuum, the photo-induced reduction in hydrogen-tetrachlor-
aureate HAuCl4 was used for the deposition of a thin, protecting gold shell around the
magnetic particles. A 5mM salt solution was produced by dissolving HAuCl4 in a chem-
ically inert optical immersion liquid (No. 1160, Cargille Laboratories), which was chosen
to avoid evaporation and ensure optimal light transmission. A small droplet ( 20l) of
the solution was placed on the sample, thereby immersing the particles on the substrate
and preventing oxidation. The sample was then illuminated by an UV light source (Hg
lamp; Osram; emission range between 350 and 450nm) for 3min at I = 10:2mW cm 2.
After UV exposure, the residual solution was rinsed with acetone and isopropyl alcohol.
The concentration of the solution and the exposure time were chosen in such way, that the
gold shell is at least 10 nm thick, assuming identical growth rates as observed for Au and
Pt nanoparticles before [61, 69,70].
4.3.4. First result
SEM analysis of the sample (denoted as sample A) after this treatment (Fig. 4.3.2) con-
ﬁrms, that the localized metal deposition was indeed successful. While the size of the
particles is increased, seemingly no metal was deposited in between the preexisting Co
particles and no additional Au particles precipitated. This emphasizes the extraordinarily
high selectivity of this deposition method. At lower magniﬁcations, the homogeneity of
the deposition over large areas is clearly visible (Fig. 4.3.2a). Higher SEM magniﬁcations
reveal the variations in the shape, which signiﬁcantly deviate from the mostly spherical Co
core of the particles before the metal deposition (Fig. 4.3.2c). A tendency towards parti-
cle coalescence is also visible in these SEM images. This behavior is consistent with the
observations of varying shapes and particle fusion that were made for grown Au particles
bigger than d  30nm in [61].
To conﬁrm that gold was deposited, a local energy dispersive X-ray spectroscopy (EDX)4
4 The electron beam of the SEM was used as excitation source.
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analysis at the position of a particle was made (Figure 4.3.2d). Besides the K emission
from the Si substrate at 1:74 keV and the K peak at 0:78 keV from the Co core of the
particle, the emission spectrum clearly shows a peak at 2:12 keV , corresponding to the M
emission of Au.
Due to the non-spherical shape and partial fusion of the particles, a similar SEM image
analysis as described above is not suitable for this sample. Instead, the particle height
distribution determined from an AFM topography scan was used for the size measurement
(Figure 4.3.3). A mean diameter of (50:3 17:3)nm of the encapsulated particles was
determined from this particle height distribution. The measured increase of d  17:8nm
in diameter equates to a gold layer thickness oft  8:9nm and a growth rate of 3nm=min
assuming a homogeneous encapsulation of the particles. Whether or not this is a valid
assumption will be discussed below. Besides the overall increase in diameter, a broadening
of the size distribution is evident. However, only a few particles with heights around 30nm,
which is the mean diameter measured before the Au seeding, are observed. This is a strong
indication that Au deposition took place at nearly all particle sites.
Presumably, no gold can be deposited in the region of contact between the particle and
the substrate. Hence, a non-centrosymmetric geometry of the core and the shell needs to
be considered. Such a so-called nanoegg model was used in [70] to describe the optical
properties of Pt/Au core-shell nanoparticles prepared by the same method. This possibly
has consequences for the magnetic properties of the core-shell particles, as the uncovered
bottom side of the particle is exposed to oxidation. This will be further discussed below at
the end of this chapter after the investigation of the magnetic properties of the particles
is presented.
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Co/Au core-shell particles - sample A
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Figure 4.3.2.: SEM images of the Co/Au core-shell particles after the photodeposition
of gold (a/b/c). EDX spectroscopy proves the presence of Au (M emis-
sion at 2:12 keV ) at the particle sites (d). Other peaks in the spectrum
correspond to the signals from the Si substrate and the Co core of the
particle.
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Figure 4.3.3.: AFM topography scan of the Co/Au core-shell particles (a) and the
corresponding height distribution of the particles (b).
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4.3.5. Further improvement
The preparation procedure described above was further improved by employment of an
in-situ gold deposition. The transfer at ambient conditions, which takes place after the
sample is retrieved from the vacuum chamber until the sample is immersed by a droplet of
the metal salt solution, is avoided. Instead the sample is transferred to a smaller vacuum
chamber, which is then ﬂooded with an inert Ar gas atmosphere. Within this smaller
chamber a droplet of the salt solution is placed in such a way, that it is completely wetting
the sample and an illumination by LED source (405 nm) triggers the deposition.
In this way the particles are not exposed to ambient conditions at any time after the
hydrogen plasma treatment. This is crucial, not only because of the alteration of magnetic
properties due to oxidation, but it has been shown that an oxide layer can inhibit the
photocatalytic properties of the Co particles [68].
Following this improved procedure a second sample of magnetic Co particles was pro-
duced. The corresponding SEM images, recorded before and after the gold seeding (5mM
H[AuCl4] solution, illuminated for a time of 10min), are displayed in ﬁgures 4.3.4 and
4.3.5. The gas phase condensation resulted in Co particles with a clearly visible bi-
modal size distribution, with a subset of smaller particles having diameters around d =
(11:1 5:6)nm and bigger particles in the range of d = (34:7 6:6)nm (Fig. 4.3.4d).
The bimodal size distribution is sustained during the Au deposition as one can see in
the SEM images displayed in ﬁgure 4.3.5, especially in ﬁgure 4.3.5c. This is also evident
from the size analysis of the SEM images (ﬁgure 4.3.5d), although the overlap of the two
broadened distributions complicate their discrimination. Using a Gaussian distribution ﬁt,
a mean diameter for the small particles of d = (24:3 5:1)nm and d = (44:0 21:9)nm
for the bigger ones was found. Additionally the particle height distribution was measured
from an AFM image (Fig. 4.3.6). Mean diameters of d = (19:7 14:8)nm and d =
(42:9 26:3)nm were found in this case. A comparison of these values with the measured
diameters before Au deposition yields an increase of diameter for the smaller and the bigger
particles of d1 = 13:1nm and d2 = 9:3nm (using only the SEM data), respectively.
Particle fusion during the gold seeding seems to be thoroughly suppressed in this sample,
which may be attributed to a reduced gold deposition rate. A striking observation in ﬁgure
4.3.5c is the core-shell structure that is visible in the image. This eﬀect is caused by the
increased penetration depth of electrons with a high kinetic energy (acceleration voltage
30:0 kV ). Very small structures therefore appear partially transparent. Owing to this
eﬀect the faceted crystalline structure of some larger particles can be seen in the image, as
well as the gold shell.
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Figure 4.3.4.: SEM images of the as deposited Co particles (a/b/c). Calculation of
particle sizes from measurements of the projected particle area in (b/c),
exhibit a bimodal distribution.
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Co/Au core-shell particles - sample B
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Figure 4.3.5.: SEM images of Co/Au core shell particles (a/b/c) and the particle size
distribution (d) of image (b).
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Co/Au core-shell particles - sample B
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Figure 4.3.6.: AFM image of Co/Au core shell nanoparticles (a) and the corresponding
particle height distribution (b).
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4.4. Preparation of FePt/Au core-shell nanoparticles
4.4.1. Micelles based preparation route of FePt nanoparticle
arrays
Ferromagnetic iron-platinum alloy particles can be fabricated by employing a wet chemical
synthesis method. This so-called micellar approach [58, 71] is based on block copolymers,
which form spherical micelles in apolar solvents and serve as carriers and reaction containers
for metal salt precursors. Figure 4.4.1 gives an overview of the individual process steps that
are involved. Here the diblock -co-polymer polysterene-block -poly(2-vinylpyridine) (PS-
b-P2VP) is used for building up the supramolecular structure of the micelles. At ﬁrst
a solution is prepared by continuously stirring of the polymer in toluene for one week
at ambient temperature [69]. Hydrophilic P2VP blocks form the core of the resulting
micelles with speciﬁc binding sites for the precursors at the inner end of the block [see
ﬁgure 4.4.1 (a)]. During the next step, the micelles are loaded with the Fe and the Pt
metal salt precursors (FeCl3 and H2PtCl6, respectively), by ﬁrstly adding the Pt-precursor
and stirring of the micelle solution. Then the Fe-precursor is added, again followed by
continuous stirring until the salt is dissolved. The loaded micelles are then deposited onto
a substrate by dip coating. Due to self assembly, a hexagonal arrangement of the spherical
micelles can be obtained. After this deposition the precursors need to be transferred into
nanoparticles, while the polymer shells are removed without changing the position of the
particles. This can be done by an oxygen RF-plasma processing of the sample, which
leaves the particles in an oxidized state. Therefore, a subsequent H plasma treatment is
used to reduce the oxidized particles into metallic nanoparticles.
It has been shown by Ethirajan and coworkers [58] by means of XPS measurements,
that the particles produced by this micellar approach indeed form an alloy with nearly
equiatomic composition of Fe and Pt. Taking the structural properties of bulk FePt as
basis, this means that the magnetically desirable, face-centered L10 order (see Fig. 4.4.2b)
is favoured in these particles. However, in the same publication it was shown by magnetic
characterization of the particles with X-ray circular magnetic dichroism (XMCD), that
the as-prepared FePt nanoparticles exhibit the chemically disordered fcc structure (Fig.
4.4.2a). A ﬁnal annealing step at 650°C for 60 min is therefore used to obtain FePt
nanoparticles that are L10 ordered.
Using the above described procedure, homogeneously shaped FePt nanoparticles with a
narrow size distribution and a spatially ordered arrangement can be fabricated. Therein
the number of PVP monomers per block determines the size of the micelle's core and hence
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the diameter d of the ﬁnal particle, whereas the center to center distance D is given by
the length of the whole diblock -co-polymer. However, there are some stability constraints
that limit the achievable sizes. Typically, particle diameters d between 2nm to 12nm and
interparticle distances from 20nm to 140nm are possible [68].
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PSP2VP
+ toluene
a) b)
c)
1. H2 (PtCl6)
2. FeCl3
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   salt
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d)
Figure 4.4.1.: Synthesis route of FePt nanoparticles, based on inverse spherical mi-
celles: (a) PS-b-P2VP diblock -co-polymers are solved in apolar toluene.
According to the hydrophilic and hydrophobic properties of the P2VP
and the PS block, inverse micelles are formed in the solution. (b) By
consecutively adding Fe- and Pt-metal salts to the solution, the micelles
are loaded with the precursor material for the particles. (c) By dip coat-
ing of a substrate into the solution the loaded micelles can self-assemble
into a hexagonally ordered monolayer on the substrate. (d) Subsequent
processing with an oxygen and a hydrogen plasma triggers the trans-
formation into metallic nanoparticles. The organic shell is completely
removed by this treatment.
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Figure 4.4.2.: Representation of the unit cell in chemically ordered L10 FePt (a) and
chemically disordered face-centered cubic (fcc) FePt (b) at an approxi-
mately 50% Fe and 50% Pt content. As-synthesized FePt nanocrystals
exhibit the fcc structure, in which Fe and Pt atoms have equal prob-
abilities to occupy each site of the unit cell. Upon thermal treatment
Fe and Pt atoms rearrange in the lattice, and transformation into the
chemically ordered L10 phase takes place.
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4.4.2. Photochemical Au deposition on FePt nanoparticles
Following the presented micellar approach for the synthesis, FePt nanoparticles with dia-
meters of d = (4:8 1:2)nm (Fig. 4.4.3c) have been produced on a glass substrate of
approximately 10 x 5mm2 in size. Figure 4.4.3 shows two AFM images of the as-prepared
particles with the corresponding height distribution5. Hexagonal ordering is only observed
to some small extend at short ranges, but spatial ordering of particles is not mandatory
here. The mean nearest neighbour distance of particles is approximately 45nm.
The photochemical Au deposition was again used here for the growth of a Au shell
onto the particles. Using the same deposition parameters as for the Co particles (5mM
salt solution, 3min irradiation time), a homogeneous growth of t  3:55nm Au has been
achieved. An AFM topography measurement and the height distribution of the resulting
FePt/Au nanoparticles can be found in ﬁgure 4.4.4. Again a broadening of the particle size
distribution is found after the Au seeding process, but no particles have been measured
at the original height of 5nm, proving that the particles have been decorated without
exception. Overall, the lateral distribution of particles seems to be unaﬀected by the
procedure.
5 It have to be noted, that the measurement was conducted at ambient conditions. Therefore, the particles
shown in this image will be partially oxidized.
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Figure 4.4.3.: AFM images at diﬀerent magniﬁcations (a/b) and particle height distri-
bution (c) of FePt particles prepared by the micelles based preparation.
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Figure 4.4.4.: AFM topography measurement (a) of the FePt particles after photo-
chemical deposition of gold and the corresponding particle height dis-
tribution (b).
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4.5. Magnetic characterization
4.5.1. SQUID magnetometry on Co/Au core-shell nanoparticles
In order to investigate the magnetic properties of the prepared Co/Au core-shell nanopar-
ticles (sample A), magnetization loops of the particle ensemble have been recorded using
a superconducting quantum interference device (SQUID). In particular, the measurement
aimed at pursuing the question, whether or not the core-shell structure ensures a long-term
stable ferromagnetic behaviour of the particles at ambient conditions. The measurements
were therefore conducted only after the sample has been exposed to air for a time of
about 4 weeks. Furthermore, the issue of thermal ﬂuctuations is addressed with these
measurements.
Hysteresis loops were measured at two diﬀerent temperatures, 300K and 10K, with the
magnetic ﬁeld (H   400 kAm 1 to 400 kAm 1 [0H = 500mT to 500mT ]) applied
parallel to the sample plane (in-plane conﬁguration, see ﬁgure 4.5.1a). The small total
magnetic moment of the Co particles (around 1:0 10 8Am2) is well within the sensitivity
limit of the SQUID, but it is superimposed by a diamagnetic response of the Si substrate,
which is of the same order of magnitude. Therefore the signal was corrected by subtracting
a straight line that was ﬁtted to the data.
Hysteresis at room temperature and ZFC-FC curves
In ﬁgure 4.5.1b, the magnetization curve of the Co/Au nanoparticle ensemble (sample A)
at room temperature is shown. The following characteristic values can be identiﬁed in the
hysteresis loop:
 total magnetic moment at saturation mS = 1:817 10 8Am2,
 remanent moment mR = 0:367 10 8Am2
 coercive ﬁeld Hc = 11:94 kAm 1 (0Hc = 15mT )
 saturation is reached at a ﬁeld of about HS = 400 kAm 1 (0HS  500mT ).
Judging from qualitative criteria, it can be stated that the shape of the curve is in agree-
ment with the typical hysteresis curve of ferromagnetic particles with randomly distributed
anisotropy axes as predicted by the Stoner-Wohlfarth model (see ﬁgure 2.3.4 for compar-
ison). In contrast to completely superparamagnetic particles which are characterized by
a zero remanence, a non-vanishing magnetic moment mR at zero ﬁeld was observed. One
can deduce from this that at least some fraction of the particles, if not all of them, are
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Figure 4.5.1.: Magnetic hysteresis of the Co/Au particle assembly: (a) Sketch of the
in-plane measurement conﬁguration of the SQUID. (b) Hysteresis curve
of the sample at 300 K [72].
ferromagnetic at room temperature. This is in agreement with the expectation about the
thermal stability of the Co particles, as the size of the particles was chosen to be above the
(theoretical) critical diameter of dSP =7nm to 8nm for the onset of superparamagnetism
at room temperature (see ﬁgure 4.1.1 and table A.1.2).
Furthermore, the hysteresis loop can be evaluated on a quantitative level, by comparing
the measured values ofms, Hc, andmR with the predictions made by the Stoner-Wohlfarth
model. At ﬁrst, the saturation moment mS shall be considered here. When the saturating
ﬁeld HS is applied to the sample, all particles have their magnetic moment aligned parallel
to the external ﬁeld. Thus, when measuring the magnetization of the sample along this
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same direction, every one of the N particles in the ensemble will contribute with a moment
mp = MS  V , where MS is the saturation magnetization of Co and V is the volume
of the particle. A value of ms can be estimated based on the values of the saturation
magnetization MS of bulk Co, the measured particle sizes and their lateral distribution6.
This rough estimation yields a value of mtheoryS = (1:02 0:50) 10 8Am2 which actually
falls below the measured value of the saturation moment. This discrepancy might be
attributed to variations of the areal density of particles ﬀ on the sample, as this was
determined from only a single SEM image here.
In any case, this estimate can not give any information on the nature of the magnetic
response of the particles, as oxidized cobalt particles also contribute to the saturation
moment by their paramagnetic response above the Nèel temperature at TN = 293K. The
same is valid for a hypothetical fraction of superparamagnetic particles that would equally
be aligned in a suﬃciently large magnetic ﬁeld and contribute to the net magnetization of
the sample.
In this context, a more signiﬁcant feature of the magnetization curve is the coerciv-
ity. According to the Stoner-Wohlfarth model, the theoretical coercive ﬁeld of spherical
particles is given as:
hc = Hc=Ha  0:479;
with the anisotropy ﬁeld Ha = 2Ku=0MS and accounting for a random distribution of
easy axis orientations [equation (2.3.11)]. Using the values of Ku andMS for bulk Co given
in table A.1.1, the coercive ﬁeld H theoryc is found to:
H theoryc = 2:89 105Am 1 (0Hc = 363mT ):
This value is more than 20 times larger than the coercive ﬁeld of Hc = 11:94 103Am 1
(0Hc = 15mT ) that was actually measured. Nonetheless, similar coercivities of Co
particles have been observed in other studies [68,69].
As previously discussed in section 2.3.3, this gap between the Stoner-Wohlfarth model
and measured coercivities is not unusual. The polycrystalline structure of the Co/Au
particles is likely the cause of a reduced coercivity, e.g. by a nucleation of non-uniform
magnetization reversal at grain boundaries or due to a weak average magneto-crystalline
anisotropy, as described by Herzer et al. [35]. Furthermore, the coercivity could be
inﬂuenced by dipolar interactions between the particles that are not accounted for in the
6 With the measured mean diameter of d = (32:5 5:3)nm, the saturation magnetization MS =
14:0 105Am 1 of bulk Co, the average areal density ﬀ of particles on the Si substrate measured
from one SEM image (mean nearest neighbour distance of 79:4nm), and a sample area of A 5x5 mm2,
the total moment can be estimated: mtot = V MS N = 1=6d3 MS ﬀ A = (1:02 0:50) 10 8Am2.
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Stoner-Wohlfarth model. However, the consequence of these interactions can either be a
reduction, or an enhancement of the coercivity. This can be explained by the simple notion
that the local magnetic ﬁeld that aﬀects a particle can be either increased or decreased
by the additional magnetic ﬁeld which emanates from a particle nearby depending on
its position and orientation. Hence, the coercive ﬁeld strength might be reached locally,
although the external magnetic ﬁeld is smaller.
Another interesting aspect of the measured hysteresis is the ratio mR=mS, of the rema-
nent magnetic moment mR to the saturation moment mS, which is about 20 % here.
This ratio is signiﬁcantly smaller than the value, that was predicted by the Stoner-
Wohlfarth model for particles with uniaxial anisotropy and a random distribution of easy
axes [mh;R = 0:5; see equation (2.3.11)]. Such a discrepancy may originate from several
reasons. On the one hand, again, the dipolar interactions between particles might be the
cause for signiﬁcant deviations from the theoretical value. In another explanation, the dif-
ference is attributed to a fraction of particles that is already superparamagnetic at room
temperature. Superparamagnetic particles contribute to the net magnetic moment when
the saturating ﬁeld Hs is applied, but their averaged magnetic moment is zero at zero ﬁeld.
It therefore seems advisable to investigate the transition from ferromagnetic to super-
paramagnetic behavior in more detail. In order to do so, a well-known approach to estimate
the blocking temperature of particles from measurements of the zero-ﬁeld-cooled (ZFC)
and ﬁeld-cooled (FC) magnetization curves of the sample was used [7375]. In a ZFC mea-
surement, the sample is cooled to low temperatures in zero magnetic ﬁeld, starting from an
initial temperature T1 where the whole particle system is superparamagnetic. Then a small
probing ﬁeld is applied and the magnetization MZFC is measured at stepwise increasing
temperatures. Complementary to this, the FC magnetization curve is obtained by mea-
suring the magnetizationMFC in an applied ﬁeld while the sample is cooled down stepwise
from temperature Thigh. A typical result of this measurement procedure is illustrated in
ﬁgure 4.5.2. At high temperatures, MZFC and MFC typically coincide. Below a certain
temperature Tir (irreversibility temperature) the curves start to diﬀer from each other.
The second prominent feature is the maximum of MZFC at a temperature Tmax, closely
below Tir. The temperature dependence of the ZFC curve is understood as follows: At the
initial temperature Thigh, the particles are superparamagnetic. Due to permanent thermal
ﬂuctuations, the magnetization of the particles measured at this temperature is zero. Now
the sample is cooled down in absence of any magnetic ﬁeld. With decreasing tempera-
tures, thermal ﬂuctuations diminish and the magnetic moments of the particles reach their
minimum energy orientations, i.e. aligned along their magnetic easy axes. Again, the net
magnetization M is zero in this state, as the magnetic easy axes are randomly oriented.
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Figure 4.5.2.: Sketch of the typical temperature dependence of magnetization in a
ZFC/FC measurement. For high temperatures, the zero-ﬁeld cooled
(ZFC) and the ﬁeld-cooled (FC) magnetization of the sample coincide.
Below the temperature Tir, the two curves display a diﬀerent behavior
of the FC and the ZFC magnetization. At low temperatures, the sample
is in a low magnetization state if no magnetic ﬁeld was applied during
cooling. In contrast, the FC curve exhibits a constant high magnetiza-
tion value at lower temperatures.
When the target temperature Tlow is reached, the probing ﬁeld H is applied. Due to
the random orientation of the magnetic easy axes of the particles, the angle  between
the easy axis and the magnetic ﬁeld direction varies signiﬁcantly from particle to particle.
Recalling (2.3.1), one can realize that all particles with an angle  < 90° may rotate their
magnetization into the minimum-energy orientation, as they do not have to overcome
an energy barrier. These particles cause a non-zero net magnetization M . In contrast,
particles for which  > 90°, are separated from the minimum-energy magnetization by
an energy barrier. As long as the temperature stays below the blocking temperature TB,
the system thus is in a metastable low magnetization state. The present magnetization
in this state, MZFC = M2s0H=3Ku, is temperature independent [76]. When the blocking
temperature is reached, the particles become superparamagnetic and the magnetization
should rise abruptly, now following a T -dependence according to:
MZFC =
(MS)
2V 0H
3kBT
; (4.5.1)
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which is the low ﬁeld approximation of the Langevin function [see equation (2.4.6)]7. Actu-
ally the change in magnetization which is observed in experiments is not a sharp increase,
but it is rather spread over a range of temperatures. This is caused by a ﬁnite width of
the particle size distribution, as the blocking temperature TB is directly proportional to
the volume V of the particle [equation (2.4.4)]. The temperature Tmax, for which the mag-
netization MZFC reaches a maximum, can approximately be identiﬁed with the average
temperature < TB > of the transition into the superparamagnetic state.
In the case of a FC magnetization curve, the particles are cooled with the magnetic
ﬁeld applied. Above the blocking temperature TB, the magnetization MFC(T ) is given
by equation (4.5.1). When the system is cooled below T < TB, the magnetization MFC
'freezes' and keeps constant for the rest of the measurement:
MFC  M
2
SV 0H
3kBTB
= const: (4.5.2)
Again, in a practical experiment there is not one single blocking temperature TB, but a
distribution of blocking temperatures according to the statistical variations of particle sizes.
The temperature Tir, below which MZFC and MFC separate, approximately correspond to
the transition temperature of the biggest particles of the ensemble.
ZFC and FC curves of the Co/Au core-shell particles have been measured in the temper-
ature range 10K  T  300K, with a probing ﬁeld strength of approximately 40 kAm 1
(H = 50Oe (CGS), 0H = 5mT ). In ﬁgure 4.5.3, the total magnetic moment of the
particles measured during ﬁeld cooling and zero-ﬁeld cooling is plotted as a function of
the temperature. Obviously, the ZFC and FC curves are separated at low temperatures as
predicted, but neither do they coincide within the temperature range of the measurement,
nor does the ZFC magnetic moment mZFC reach a maximum within that range. Never-
theless, the shape of the curves suggests that Tmax and Tir are reached closely above the
maximum measurement temperature of 310K. It can be deﬁnitely stated though, that
the average blocking temperature of the particle ensemble < TB > is not reached below
T = 300K.
7 In order to obtain equation (4.5.1) from the expression in (2.4.6), one simply needs to translate the
microscopic expression, which includes the magnetic moment of a particle  = j~j, into the macroscopic
expression in terms of a saturation magnetization.  NV in equation (2.4.6) therefore becomes MS and
 =MS  V , with V being the volume of a particle.
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Figure 4.5.3.: ZFC-FC curve of Co/Au core-shell particles with a probing ﬁeld of
H = 50Oe (40 kAm 1) applied. The ZFC and the FC curve do not
coincide within the measured temperature range. The ZFC curve rises
monotonically with increasing temperature and does not reach a maxi-
mum below 300K [72].
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Exchange bias
The Co/Au particles have also been tested for an exchange bias eﬀect at low temperatures
as an indication for the presence of oxidized Co at the particle surface. The exchange bias
is known as the asymmetry (relative to zero H ﬁeld) of the magnetic hysteresis curve at
low temperatures after ﬁeld cooling of the sample [77].
This eﬀect is governed by the exchange interactions between adjacent spins at the inter-
face of the ferromagnetic Co core and the antiferromagnetic CoO shell, provided that such
a shell is present [78]. CoO has a Néel temperature of TN = 293K, i.e. it is paramagnetic
for T > TN and antiferromagnetic for T < TN . In the antiferromagnetic state, the Co
moments are aligned parallel within {111} planes of the crystal lattice. Adjacent {111}
planes of Co moments are aligned antiparallel. When the sample is cooled below TN in a
magnetic ﬁeld H, the antiferromagnetic order of the CoO is established in the presence of
adjacent {111} planes of the Co core. The cooling ﬁeld H, on the other hand, is strong
enough to magnetize the Co core in ﬁeld direction at temperatures near TN . Due to the
exchange coupling at short distances, the magnetic moments of CoO are aligned together
with the Co moments at the core-shell interface during the transition.
Vice versa, after the antiferromagnetic order is established, the exchange coupling in-
duces a bias of the Co core magnetization towards the ﬁeld direction for T < TN . In
other words, the Co/CoO core-shell particles eﬀectively exhibit a unidirectional magnetic
anisotropy (UEA - unidirectional exchange anisotropy).
This anisotropy manifests itself in a shift of the ﬁeld-cooled hysteresis loop in the negative
cooling ﬁeld direction (compared to the ZFC hysteresis) at low temperatures. In ﬁgure
4.5.4, an illustration of the described shift in the hysteresis is given. The corresponding
exchange bias ﬁeld Hex is calculated with:
Hex = jHFC1 +HFC2 j=2: (4.5.3)
HFC1 is the coercive ﬁeld of the downward curve and H
FC
2 is the coercivity measured at
the return curve of the FC hysteresis.
Diﬀerent studies on Co/CoO core-shell particles have shown bias ﬁelds HE in the range
of 5 kOe to 10 kOe (398 kAm 1 to 796 kAm 1) [7881] (see table A.4 for a detailed listing
of the measured ﬁelds in diﬀerent publications). At the same time, large coercive ﬁelds
of the oxidized particles in the range of 2 kOe to 10 kOe (160 kAm 1 to 796 kAm 1)
have been measured, both for ZFC and FC magnetization curves, which is due to the
additional anisotropy. Smaller ﬁelds are observed in the ZFC curves, however, as the
exchange anisotropy is randomly distributed in that case. The size of the particles that
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Figure 4.5.4.: Sketch of a hysteresis curve with exchange bias at low temperatures.
The hysteresis curve that is recorded after a magnetic ﬁeld was applied
during cooling (ﬁeld cooled - FC) is shifted with respect to the hysteresis
curve measured after zero-ﬁeld cooling (ZFZ) of the sample.
were used in these publications varied from d =6nm to 35nm and the oxide shell thickness
was typically 2nm to 3nm.
These ﬁndings suggest that the exchange bias of the FC hysteresis curve can serve as
an indicator for the presence of CoO at the surface of the Co/Au particles. Magnetization
hysteresis curves of the sample have therefore been measured at T = 10K, after cooling of
the sample at zero magnetic ﬁeld (ZFC), as well as with a ﬁeld of 0H = 5T (FC) applied.
In ﬁgure 4.5.5 both hysteresis curves measured at 10K are shown. Obviously no exchange
bias was measured in the FC magnetization curve. Also the coercive ﬁeld for both, the
FC and the ZFC hysteresis, is 0H
ZFC=FC
c = 150mT and therefore unchanged compared
to the measurement at T = 300K. These two observations, the absence of a hysteresis
bias and the unaltered coercivity after passing through the Néel temperature of CoO at
T = 293K, contradict the assumed existence of the UEA and therefore the formation of
CoO at the particle surface.
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Figure 4.5.5.: Hysteresis curve of the Co/Au sample at 10 K. The green curve is a
plot of the magnetization curve after the sample was cooled down to
10K without any magnetic ﬁeld applied. The blue curve depicts the
magnetic hysteresis after the sample was cooled down with an external
magnetic ﬁeld (0H = 5T ) applied to it. No shift of the ﬁeld-cooled
(FC) hysteresis curve with respect to the zero-ﬁeld-cooled (ZFC) curve
was observed [72].
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4.5.2. Magnetic force microscopy measurements
General aspects
From a theoretical point of view, magnetic force microscopy turns out to be an ideal tool for
investigating the magnetic properties of nanoparticles. Due to the high lateral resolution
of this technique, the magnetic signal stemming from individual magnetic particles can be
imaged. By analyzing the recorded contrasts, one can gain valuable information about the
magnetic characteristics of the particles.
With regard to the core-shell particles that are considered here, such microscopy images
could possibly validate the magnetometric measurements, that were obtained from the
particle ensemble, but on a single particle level. For example, by monitoring the magnetic
signal from the particles over extended periods of time, one can check for their magnetic
long term stability. In practice, the sensitivity limit of the microscope, as well as interfering
magnetic and non-magnetic interactions, will hinder a straightforward interpretation of the
measurements. Such interfering signals can be, e.g., the magnetic stray ﬁeld of particles
nearby or van-der-Waals interactions that may not be diminished at smaller lift heights.
These obstacles become increasingly important with decreasing size of the investigated
particles and hence smaller signal-to-noise ratio of the magnetic signal.
It therefore seems meaningful to make some estimation about the sensitivity of the
microscope in these measurements. First, one can calculate the expected force derivative
of the magnetic interaction between tip and particle [equation (3.4.3)]. This value then can
be compared with the theoretical prediction for the thermal noise level of the measurement
[equation 3.5.2)], yielding a signal-to-noise ratio. For this purpose, a numerical model
was chosen, in which the particle is described as a magnetic point dipole moment of
magnitude mp, located in the center of the particle. The magnitude of mp can be obtained
by multiplying the volume V of the particle with the saturation magnetization MS of the
material (Co or FePt): mp = V MS. On the other hand, the magnetic coating of the tip
was modeled as a hollow cone with a height of h = 15m and an opening angle of the cone
of  = 40°. Hence, a base radius of R = 5:46m is used. Furthermore, a surface coating
thickness of t = 50nm was chosen. The apex of the tip was modeled as a hemisphere with
a radius of r = 50nm (ﬁgure 4.5.6).
A segmentation of the tip into small elements dV was applied for the actual computation.
The upper part of the tip was vertically divided in cylindrical segments of equal heights
dh = 50nm and further divided in circular sectors with a central angle of  = =8 (ﬁgure
4.5.6). For the spherical part at the apex a vertical segmentation with a height dh = 15nm
of segments and circular sectors with a central angle of  = =4 were chosen. Each
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Figure 4.5.6.: Model of the standard thin ﬁlm MFM tip used for calculation of the
MFM signal strength: The tip is described as a hollow cone of height
h = 15m with a wall thickness t = 50nm and a spherical cap (radius
r = 50nm) at its bottom end. The opening angle of the cone is  = 40°,
which yields a base radius R = 5:46m. For the calculation of the signal
strength in terms of a discrete sum of dipole-dipole interactions, the tip
is divided into segments of height dh and volume dV , corresponding to
circular sectors of  = =4.
contribution to the total force derivative, caused by the interaction of the particle dipole
mp with an individual segment dV , was computed separately. A dipole-dipole interaction
was assumed for these individual interactions, under the constraint that the particle dipole
is positioned at distance z below the apex of the tip: ~rp = (0; 0; z). The contribution
of the i-th element of the tip to the overall force derivative actuated on the tip is hence
calculated by8: 
@F
@z0

i
=
@2Ei
@z02
; (4.5.4)
with
Ei =  0
4

3( ~mi  (~ri   ~rp))(~mp  (~ri   ~rp))
j~ri   ~rpj5  
~mi  ~mp
j~ri   ~rpj3

: (4.5.5)
The dipole moments ~mi of the elements point to the end of the tip, except for the segments
of the spherical apex which are aligned along the  z-direction, i.e. ~mi =  mi ~ez. Usually,
this is a valid approximation due to the shape anisotropy of the tip. Here, mi is given
by mi = dVi MS, with dVi being the volume of the i-th element and MS the magnetiza-
tion of the magnetic coating of the tip. The value of the magnetization was adopted
8 For a detailed derivation of @2E=@z2, see Appendix A.3.
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Figure 4.5.7.: Calculated MFM signal (phase shift ﬃ) over Co particles as a function
of the lift height h. Diﬀerent values of the magnetic dipole moment of
the Co particle mp have been used for calculation of the signal strength,
according to particle diameters of 10nm, 20nm, 30nm and 50nm.
from speciﬁcations for the PPP-MFMR AFM probe series of the probe manufacturer
NANOSENSORSTM. A remanent magnetization of MR = 300 emu cm 3 = 3 105Am 1
is reported there. The position ~ri of the moment mi was chosen to be in the center of
each element dVi. By summing up all contributions (and taking advantage of the axial
symmetry of the model), the MFM signal in terms of the phase shift ﬃ = Q=k  (@F=@z)
was computed for distances h varying from 10nm to 150nm and for diﬀerent particle
diameters.
In ﬁgure 4.5.7, this distance dependence of the MFM signal for cobalt particles is shown
together with the thermal noise limit derived from equation (3.5.2)9. Additionally, the
noise level extracted from an actual MFM experiment is shown (see ﬁgure 4.5.9b below for
the MFM measurement in question) . The probe-sample distance h in this ﬁgure refers
to the nominal lift height, i.e. the additional separation given by the diameter d of the
particle and the cantilever oscillation amplitude A of the ﬁrst scan pass were accounted
for: h = z d=2 A. z denotes the distance between the apex of the tip and the position
of the virtual point dipole mp within the particle.
9 The parameters used in the equation were: Q = 100, k = 4:9N m 1, B = 250Hz. The root mean
square (rms) value of the cantilever oscillation amplitude, Arms, follows from the initial (free) oscillation
amplitude A0 = 20nm that was chosen in the actual measurements. A setpoint of 85% of the initial
amplitude A0 was adjusted at tip approach, therefore the oscillation amplitude in the approached state
is A  17nm. Assuming a sinusoidal oscillation, the rms value results as: Arms = 1=
p
2 A  12nm.
89
4 Ferromagnetic core-shell nanoparticles 4.5 Magnetic characterization
One can now identify the critical distance, at which a signal-to-noise ratio of 1 is reached.
For Co particles as small as 10nm, the measured magnetic signal surmounts the noise
level only for lift heights h < 20nm. In contrast, bigger Co particles still cause magnetic
signals above the noise level for lift heights of h  100nm (for d = 30nm) or even up to
h  150nm (for d = 50nm).
An SNR of 1, or even closely below, may be still suﬃcient to discern a magnetic contrast
in an image. Naturally, for a quantitative analysis, signals signiﬁcantly above an SNR of 1
are beneﬁcial in order to avoid complex signal extraction methods, hence smaller lift heights
should be used in that case. Eventually, one can state that, in principle, the magnetic
force microscope is sensitive enough to probe the magnetic ﬁeld above a single magnetic
nanoparticle provided that small probe-sample distances can be maintained during the
measurement.
Up to now, the estimation of signal strengths implicitly involved the application of a rigid
dipole-dipole interaction of attractive nature. Or, to put it diﬀerently, the calculations were
done with the assumption that the magnetic dipole moment of the particle ~mp is ﬁxed at
all times and points along the +z-direction. Physically this corresponds to a ferromagnetic
particle that is magnetized along its anisotropy axis, which itself coincides with the z-axis
(see ﬁgure 4.5.8b). Therefore, from this point of view, the magnetization of the particle is
not inﬂuenced by the tip's stray ﬁeld during measurement, due to a high anisotropy of the
particle that keeps the magnetization aligned.
MFM on Co/Au core-shell particles
How does this relate to an MFM measurement on the prepared Co/Au core-shell particles?
On the one hand, the particles are expected to be ferromagnetic in an MFM measurement
at room temperature (see previous section 4.5.1), on the other hand the preparation method
of the particles resulted in an arbitrary anisotropy axis. It is therefore expected that dif-
ferent angles between the magnetization vector of the tip and the particle are encountered
and diﬀerent contrasts in the MFM image will result. In ﬁgure 4.5.8, the calculated MFM
signal for two cases of orientation are displayed. This time, both, the tip and the particle,
are described as magnetic point dipoles, with the tip being magnetized in  z-direction.
In the ﬁrst case (ﬁgure 4.5.8a), the magnetic dipole moment of the particle lies within
the sample plane (x y-plane) and perpendicular to the dipole moment of the tip (z-axis).
Two lobes appear in the MFM scan image, as the interaction changes from attractive to
repulsive from one end to the other end of the particle's dipole. In the second case (ﬁgure
4.5.8b), the particle's moment is aligned along the z-direction. This time the interaction
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is completely repulsive and the particle appears as a bright spot in the MFM image.
Accordingly, when the magnetic orientation of the particle is reversed, a dark spot appears
in the image.
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Figure 4.5.8.: Calculated MFM scan image recorded over a single domain particle for
two diﬀerent orientations of the magnetic dipole moment of the particle.
In ﬁgure 4.5.9, an MFM measurement on the Co/Au core-shell particles (sample B)
is shown, with the topography image (ﬁgure 4.5.9a) and the corresponding image of the
phase shift in the second pass with a lift height of 30nm (ﬁgure 4.5.9b). In most instances,
either a positive or negative phase shift was measured above each particle to some extent,
with the majority of cases being a negative phase shift, i.e. a dark spot is discernible in
the image.
Based on a comparison of the topography image with the image of the phase shift, it
seems that these contrasts are very localized to the corresponding particles. This means
that no collective magnetic modes, like those reported by Puntes et al. for densely packed
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Co particles with diameters of around 12nm [10], are visible. However, such spatially
extended collective phenomena are probably caused by a dipolar coupling of particles and
therefore only occur for densely packed particle arrays.
The positive phase shifts in MFM image are found to be in the range of 0:2° to 0:6°,
whereas the areas with a negative phase shift show a weaker signal which amounts to 0:02°
to 0:05°. Upon closer inspection, it turns out that some of the bright spots are closely
accompanied by a ditch in the phase image. These peaks are more clearly visible in a line
proﬁle of the phase shift at these positions (ﬁgure 4.5.9c and 4.5.9d, red data points).
Note that in several successive scans of the sample area, the same contrasts were ob-
served.
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Figure 4.5.9.: MFM measurement on Co/Au core-shell particles (sample B): Topo-
graphy (a) and magnetic signal of the particles at 30nm lift height (b).
The inset in (b) shows a magniﬁcation of the magnetic signal of one
particle [marked as (c)] The line proﬁle of the magnetic signal through
the particle marked in (b) can be simulated by assuming a rigid particle
dipole with a tilting angle  (c,d).
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In an attempt to interpret the MFM image within the rigid dipole model discussed
above, the bright spots may be identiﬁed with particles whose magnetization is pointing
out of the sample plane towards the tip in +z-direction and causes a repulsive force on the
tip. Vice versa, the areas with a negative phase shift would correspond to particles whose
magnetization points in the opposite  z-direction. Particles that have their magnetic
moment inclined towards the sample plane, would accordingly exhibit two magnetic poles,
a bright and a dark lobe in the phase image, similar to the image shown in ﬁgure 4.5.8a.
The line proﬁles in ﬁgure 4.5.9c and 4.5.9d would therefore be caused by a magnetization
tilted away from the out-of-plane orientation.
Based on this interpretation, it should be possible to simulate these line proﬁles with
the rigid dipole-dipole approach which was used to obtain the images in ﬁgure 4.5.8 and
calculate the inclination angle of the particle's magnetization using the following expression
for the MFM signal (see section A.3 of the appendix for the derivation of this expression):
@F
@z0
(x) =
@2E
@z02
(x) =  0
4

( 9) m0z  j~mpj  sin()
(x2 + z2)5=2
+
45 m0z  j~mpj  z  x  cos()
(x2 + z2)7=2
+
90 m0z  j~mpj  z2  sin()
(x2 + z2)7
 105 m
0
z  j~mpj  z3  x  cos()
(x2 + z2)9=2
 105 m
0
z  j~mpj  z4  sin()
(x2 + z2)9=2

: (4.5.6)
In this equation, it is assumed that the projection of the magnetic dipole moment of the
particle, ~mp, onto the sample plane (x  y plane) coincides with the x-axis (the axis along
which the line proﬁle is measured, indicated as red line in ﬁgure 4.5.9b). Hence, the dipole
moment ~mp is expressed as:
~mp = j~mpj  cos()  ~ex + j~mpj  sin()  ~ez.
The angle between ~mp and the x-axis is measured with . The magnetic dipole moment
vector of the tip ~m0 is aligned along the z-axis: ~m0 =  m0z  ~ez. An eﬀective dipole
moment of the tip meff = 1 10 13 emu = 1 10 16Am2 is used for m0z here. This
value is speciﬁed for the NANOSENSORSTM PPP-MFMR AFM probe in the product
sheet from the manufacturer. These eﬀective moment values are typically based on an
MFM measurement with the probe on a reference sample. In the end, j~mpj, , and the
probe-sample separation z remain to be determined.
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Using the above equation, it was possible to reproduce the line proﬁle with angles of 1 =
(37:1 3:9)° and 2 = (45:1 6:0)° for the dipole moment vectors of the two exemplary
particles (ﬁgure 4.5.9c and 4.5.9d). The corresponding best-ﬁt values of j~mpj and z are:
j~mpj1 = (33:0 5:2) 10 18Am2 and z1 = (115:1 3:7)nm,
j~mpj2 = (32:6 6:5) 10 18Am2 and z2 = (130:9 5:2)nm.
The found magnitude of j~mpj  33 10 18Am2 equates to a Co particle with a diameter
of d = (6=  j~mpj=MS)1=3 = 35:6nm, which is in acceptable agreement with the measured
height of the respective particles, h1 = 40nm and h2 = 23nm. In order to explain
the probe-sample separation z, a combination of the nominal lift height h = 30nm,
the position of the point dipole at the center of the particle (z = d=2), the oscillation
amplitude A = 17nm, and the vertical position of the virtual point dipole moment ~m0
within the tip () need to be considered:
z = h+ A+ d=2 + :
Accounting for this, one obtains an eﬀective height of the tip dipole of 1 = 48nm for the
MFM signal from the ﬁrst and 2 = 72:4nm for the second particle.
In conclusion, one can state that at least the bright contrasts visible in ﬁgure 4.5.9b can
be plausibly explained (both, in their shape and their magnitude) with the assumption
of a rigid dipolar interaction between the probing tip and the particles. However, one is
obliged to accept in this model that most of the particles are completely magnetized in
the  z-direction to explain the predominantly occurring dark contrasts.
This contradiction to the previously mentioned random anisotropy of particles as a result
of the preparation method might be clariﬁed by taking into account the inﬂuence of the
probe on the particle. In the previous section of this chapter, a coercive magnetic ﬁeld
of Hc = 11:94 kAm 1, measured by SQUID magnetometry on the particle ensemble, was
speciﬁed. If equally large ﬁeld strengths are reached in the vicinity of the magnetic tip
during the MFM measurement, a change of the magnetization of particles is possible when
the tip passes by10. The alignment of the particle's magnetization with the magnetic ﬁeld
direction of the tip would cause an attractive interaction between particle and tip.
10See ﬁgure 4.5.1: The coercive ﬁeld speciﬁes the negative ﬁeld strength that is needed to reduce the
measured magnetization to zero, after the sample was saturated in the (positive) magnetic ﬁeld. Ac-
cording to the Stoner-Wohlfarth model, at Hc, enough particles are magnetized in the reversed ﬁeld
direction to compensate for the particle that have not yet reversed their magnetization, so the resulting
net magnetization (measured in ﬁeld direction) is zero.
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In ﬁgure 4.5.10, the z-component of the magnetic ﬁeld distribution of the tip Hz is de-
picted (for details about the calculation of this ﬁeld distribution, see Appendix A.5). It
is assumed that the tip's magnetization is oriented predominantly along the  z-direction,
hence only the z-component of the magnetic ﬁeld is considered here. Figure 4.5.10 illus-
trates that a magnetic stray ﬁeld as high as 10 kAm 1 is present up to approximately
100nm below the tip. As comparison, the estimated closest position of the particle during
the second pass of an MFM measurement at 30nm lift height is shown as dashed circle in
the ﬁgure (again an additional height of 17nm given by the oscillation amplitude is taken
into account here). Consequently, the coercive ﬁeld of the particles is exceeded when the
tip is approached to the particle.
Figure 4.5.10.: Distribution of the z-component of the magnetic stray ﬁeldH of a stan-
dard thin-ﬁlm MFM tip. The closest position of the magnetic particle
is marked by the dashed circle. This ﬁeld distribution was calculated
with the help of the micro-magnetic simulation package Nmag [27].
The tip is modeled as a hollow cone, similar to the model described
above (For details see section A.5).
Therefore, one may identify the dark contrasts in the MFM image as particles that are
magnetized during the scan and hence exhibit an attractive interaction with the probe.
At the same time, some of the particles do not reverse their magnetization in the present
magnetic ﬁeld of the tip and hence exhibit diﬀerent contrasts. According to the Stoner-
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Wohlfarth model, this is the case for those particles who have an initial magnetization
pointing in the +z-direction and hence have higher switching ﬁelds (see ﬁgure 2.3.3).
With this argumentation it can be explained that the majority of particles cause a negative
phase shift, as well as that no particles with a pure in-plane magnetization (i.e.  = 0)
or a magnetization inclined towards the  z direction ( < 0) were observed. In all cases
for which the angle between the magnetization vector and and the positive z-axis exceeds
a certain threshold angle, the local ﬁeld Hz exceeds the ﬁeld that is needed for switching
the particle's magnetization.
This point of view seems to be supported by a another MFM measurement (ﬁgure
4.5.11) recorded above a smaller area of the sample at higher resolution. Again, a lift
height of 30nm was chosen for the measurement. The magnetic image shown in ﬁgure
4.5.11b conﬁrms the observations made before, with the majority of particles exhibiting an
attractive interaction with the probe, i.e. they appear as dark spots. Only a few exceptions
are visible in the image. The bright particle in the lower part of the image in ﬁgure 4.5.11b
can be described by a static point dipole again, with a tilting angle  = (42:7 4:0)°. In
the upper part of the image, an abrupt change of the magnetic contrast from one scan line
to the next is visible (marked by the black arrow). Such a sudden change of the magnetic
contrast may indicate a change of the magnetic conﬁguration of the particle caused by the
inﬂuence of the tip.
Interestingly, additional bright contrasts are visible in ﬁgure 4.5.11b at the lower side of
some particles. The fact that these narrow contrasts occur only at this side for all particles
suggests that this is not caused by any intrinsic property of the particles, but rather by
some kind of artefact that is related to the scan direction. A reason for this could be, e.g.
an artefact related to the tip-sample distance feedback control or a change of the particle's
magnetization triggered by the presence of the tip. Both of these explanations imply that
the contrast would vary when the scan direction is changed. In the MFM measurement
shown in ﬁgure 4.5.11b, the slow scan direction is from the bottom to the top of the image.
This slow-scan direction was inverted in a second MFM scan but the contrasts observed
in the phase shift image did not change. This typically rules out any issues related to
the feedback control as a reason for the eﬀect. On the other hand, the orientation of the
tip with respect to the sample does not change when the slow scan direction is inverted.
Hence, there is a chance that some property of the tip is responsible for this eﬀect. A
positive proof for any of these explanations could not be found within this thesis, though.
Yet another aspect that needs to be considered in the interpretation of MFM images
is the inﬂuence of van-der-Waals (vdW) interactions on the MFM signal (topography
cross-talk). Especially at small probe-sample distances and for weak magnetic signals, the
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vdW-interactions can be strong enough to cause a fake magnetic signal in the phase image
of the second pass. As the vdW-interactions are attractive, they cause a negative phase
shift in the MFM image and can not be distinguished, a priori, from an attractive magnetic
interaction. On the other hand, all measurements were conducted in the two-pass MFM
mode, thus the tip-sample distance is kept constant at all times and variations of the
vdW-interactions are minimized. Furthermore, it is unlikely that the negative phase shifts
which were observed in the ﬁgures 4.5.9b and 4.5.11b are caused solely by a topographic
cross-talk, because similar contrasts are also observed at larger probe-sample separations.
For example, in ﬁgure 4.5.12 (a,b) an MFM measurement with clear contrasts at 60nm
lift height can be seen. In contrast, vdW-interactions rapidly decrease with increasing
distances of the tip from the sample.
As an additional conﬁrmation that topographic cross-talks can be ruled out as a cause
for the magnetic contrasts, a measurement with a non-magnetic Si-AFM tip was conducted
on the sample [ﬁgure 4.5.12(c,d)]. In fact, the phase image of the second pass, recorded at
h = 30nm, exhibits a dark contrast. It is very weak compared to the phase shifts that
were observed with a magnetic tip, though.
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Figure 4.5.11.: MFM measurement on Co/Au core-shell particle (sample B): Topo-
graphy (a) and magnetic image of the particles at 30nm lift height (b).
A magniﬁcation of the bright-dark contrast on the lower left side of (b)
is depicted in the inset. The probing tip inﬂuences the magnetization
of the particles, causing sudden magnetization processes during the
scan (b, black arrow). (c) The measured cross section of the phase
signal above one particle (b, red line) and the simulation of the signal
with an inclined particle dipole.
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(a) (b)
(c) (d)
Figure 4.5.12.: MFM measurement on Co/Au core-shell particles (sample B) at 60nm
lift height (a: topography, b: magnetic signal) and with a non-
magnetic tip at 30nm lift height (c: topography, d: magnetic signal).
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Testing for the long term stability of FePt/Au particles
MFM measurements were used to investigate the degradation of magnetic properties for
uncoated FePt particles and Au covered FePt particles (see section 4.4). Both samples have
been stored in ambient conditions for several weeks. The investigation was conducted at
the same day under identical conditions, i.e. the same magnetic probe (Magnetic Multi75-
G, Budget Sensors) and the same lift height (h = 35nm) was used. The result of the
measurement is presented in ﬁgure 4.5.13, with the topography and magnetic signal (phase
shift) of the uncoated particles shown in 4.5.13(a,b), and for the Au-covered particles in
4.5.13 (c,d), respectively. No distinguishable magnetic signal was observed in the case
of the uncoated particle, whereas for the coated particles a weak magnetic contrast is
visible. In contrast to the measurements on Co/Au particles, only attractive interactions
are observed here. However, the same argumentation can be applied here to explain these
interactions, i.e. it is assumed that the particles are magnetized by the probing tip.
The diﬀerence between the MFM images of coated and uncoated particles can be ex-
plained in terms of magnetic degradation processes. FePt particles tend to oxidize in
air [82], hence the magnetization is reduced over time with a growing fraction of oxidized
material. On the other hand, the magnetic contrast that is visible in the measurement on
Au-covered particles indicates that the Au coating of FePt particles improves the long-term
stability of their magnetic properties.
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(a) (b)
(c) (d)
Figure 4.5.13.: MFMmeasurement on uncoated FePt (a: topography, b: magnetic sig-
nal) and Au-coated FePt particles (c: topography, d: magnetic signal).
Both magnetic images were recorded at 35nm lift height.
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4.6. Summary
In the course of this chapter, the preparation of single-domain Co and FePt particles was
described. It has been shown that both types of particles are suitable for catalyzing the
photochemical growth of a thin gold shell. The main purpose of this encapsulation in the
context of this thesis is the chemical passivation of the particles, notably the protection
from oxidation in air. At the end of this chapter we are now able to answer the question,
whether this purpose is fulﬁlled or not.
By means of SQUID magnetometry the formation of cobalt oxide at the surface of the
cobalt particles was disproved by demonstrating the absence of an exchange bias in the
magnetic hysteresis at low temperatures. This result is supported by the ﬁndings of the
MFM measurements on these particles. It was demonstrated that the observed contrasts
can be ascribed to the magnetic dipole of ferromagnetic Co particles. This observation
contradicts the assumption of a signiﬁcant decrease of the magnetic moment of particles
due to the formation of an antiferromagnetic cobalt oxide layer.
A similar result was found for the Au coated FePt particles that retain a measurable
signal in an MFM experiment after several weeks at ambient conditions, whereas this is
not the case for the unprotected FePt particles.
Consequently, it can be stated that the gold coating of Co and FePt particles indeed
ensures the long term stability of their magnetic properties. In this context, the issue of the
presumably non-centrosymmetric core-shell geometry of the particles shall be mentioned
again. Although a complete encapsulation of the particles can not be guaranteed by the
light-induced Au deposition, the chemical passivation does not seem to be inﬂuenced by
this. High resolution transmission electron microscopy (HR-TEM) on these particles could
possibly clarify in future experiments whether a closed outer Au shell is present or not.
Apart from the chemical stability of particles, the MFM and SQUID measurements
also prove that the prepared Co particles exhibit the desired thermal stability of their
magnetization which is a crucial requirement for the further experiments. Both methods
independently conﬁrm a ferromagnetic behaviour of the particles at room temperature by
the following observations:
 a non-zero remanence in the magnetic hysteresis curve measured at 300K,
 a blocking temperature Tb above room temperature determined by the ZFC-FC mag-
netization curves,
 the MFM contrasts in accordance with the rigid dipole model.
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5. Magnetic nanoparticle probes
In this chapter, the preparation of magnetic nanoparticle based probes will be presented
and the imaging capabilities of these probes will be investigated. The chapter is organized
in the following manner:
First, the method used for aﬃxing a single nanoparticle to a silicon AFM tip is presented
in section 5.1.
The application of cobalt nanoparticle decorated tips for MFM measurements is dis-
cussed in the subsequent part, section 5.2. Within this section, the concept of particle
decoration is also extended to the ﬁxation of multiple particles and their collective mag-
netic properties involved in MFM experiments are investigated (section 5.2.2).
Finally, the magnetic calibration of particle based probes is considered in section 5.3.
After discussion of some principal aspects of the calibration (section 5.3.1), two compar-
ative MFM measurements on a hard disk drive reference sample are presented (section
5.3.2). With this measurement, the magnetic signals recorded with a conventional thin
ﬁlm coated tip are compared to the signals obtained with a magnetic particle probe. A
numerical calculation of the magnetic contrast formation on this sample is used to analyze
the experimental results. This analysis yields an estimate of the magnetic orientation of
the nanoparticles based probe. A calibration method for determining the strength of the
particle probe's magnetic moment is presented in section 5.3.3. The method makes use of
the magnetic dipole-dipole interaction between magnetic nanoparticles.
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5.1. Attaching nanoparticles to a scanning probe
The method for aﬃxing single nanoparticles to an AFM tip that is presented in the fol-
lowing text passage, can be completely carried out by using the same AFM set-up that is
later used for MFM scans. In principle, no additional equipment is needed, although it
turned out to be very useful to have an inversed optical microscope at hand for one stage
in the preparation process. The low technical eﬀort allows for a high throughput in the
preparation of these probes with a high success rate.
Commercially available non-contact AFM tips made from silicon are the basis of the
particle probes for all experiments in this thesis. Starting with such a tip, the manufactur-
ing of the particle probes is then divided into three subsequent steps that will be discussed
separately:
 providing the 'correct' tip constitution for aﬃxing nanoparticles by a ﬂattening of
the tip (optional)
 the functionalization of the tip surface
 the attachment of particles to the tip.
Tip plateau
This ﬁrst preparation step is optional, depending on where one wants to attach the particle.
This can be either at one of the sides to the tip pyramid, or the apex itself. In most cases,
it is desired to aﬃx the particle at the foremost end of the tip. If a very sharp tip is
used, this is hard to achieve. Therefore, the apex of the tip can be cut oﬀ beforehand in
some way to form a plain surface area that serves as a deﬁned site for establishing the
chemical bonding to the particle. A focused ion beam assisted machining of the tip comes
into question in this regard. However, following the paradigm of minimum eﬀort and a
limited ﬁnancial scope, another method was chosen here: The tip is mounted in the AFM
or in any kind of piezo moving stage. It is then gradually approached towards and pushed
against a solid planar surface in a controlled fashion, such that a small part of the lower
end of the tip is splintered.
The practical realization that was used for this purpose here was a 3-dimensional piezo
moving stage for the translation of the tip, in combination with an inverted optical mi-
croscope to monitor the tip position. A cleaned glass cover slip was placed on top of the
object lens and the mounted tip was approached manually from above down to a distance
of several micrometers. The remaining distance is handled with high precision by the
z-travel of the piezo.
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Figure 5.1.1.: SEM picture of a silicon AFM tip that was ﬂattened at its apex. The
resulting plateau has a maximum edge length of approximately 200nm.
As a guide to the eye, the positions of the edges of the tip were empha-
sized by the dashed white lines.
By adjusting the focus of the object lens vertically between the upper surface of the
glass and the end of the tip, the distance can be controlled at every stage of the approach.
The tip optically appears as a small bright spot when it comes into focus. When the tip is
ﬁnally approached nearly into contact with the glass surface, it is moved some additional
nanometers downwards with the piezo, hence pushing it against the glass. The now blunt
tip can be recognized in the microscope by a spot with a slightly increased size. Afterwards
the tip is rinsed with puriﬁed water to wash away any remaining debris of silicon that
might stick to the tip. Using this procedure, tips with a deﬁned triangular plateau were
fabricated. Plateaus with a side length of under 200nm have been frequently achieved1
(ﬁgure 5.1.1).
Surface functionalization
An essential component that is needed for the successful particle decoration is the adhesive
between the tip's surface and the particle. It must guarantee that the nanoparticle is
fastened securely and reliably in order to withstand forces acting on the probe during later
measurements.
Substances which are widely known for their use of aﬃxing gold nanoparticles to glass
1 Particularly good results were obtained with the Tap150-G AFM probes from BudgetSensors.
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Figure 5.1.2.: Amino-coating of AFM tip surface: APTMS molecules form a mono-
layer on the silicon surface. On the one hand, the silane part of the
APTMS molecule binds to the Si, on the other hand, the amino group
is able to covalently bind to Au which is present at the surface of the
core-shell particles.
can be used for this purpose due to the same combination of materials. APTMS2, APTES3
and PEI4 are hence suitable candidates.
In order to achieve a coverage of the tip's surface with these adhesive molecules, the tip
was immersed in a 1:10 solution of APTMS in puriﬁed water for a duration of approximately
30 s to 45 s. This allows for an amino-coating of the tip, as the silane part of APTMS is
able to bind to the silicon of the tip. Unbound excess molecules can be rinsed oﬀ by
puriﬁed water. This simple dip coating method does guarantee the formation a closely
packed monolayer of molecules, though. However, for the purpose of aﬃxing a particle,
this is not mandatory anyway.
Particle decoration
Finally, the actual attachment is conducted as follows: The prepared tip is scanned in non-
contact (nc)/ tapping mode above the sample of ferromagnetic particles, thereby imaging
the surface topography (ﬁgure 5.1.3a (1)). In this way, a suitable, i.e. isolated particle for
the attachment can be identiﬁed. Despite the fact that the resolution of the probing tip
is decreased by the cut oﬀ, in most cases the tip was found to be sharp enough to resolve
individual nanoparticles.
The tip is then placed above the chosen particle and brought into contact by moving
2 (3-aminopropyl)-trimethoxysilane, CAS# 13822-56-5
3 3-Aminopropyl-trimethoxysilane, CAS# 13822-56-5
4 Polyethylenemin, CAS# 29320-38-5
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up the piezo stage while in contact mode of the AFM, i.e. without a cantilever oscillation
excited by the dithering piezo (ﬁgure 5.1.3a (2)). During the contact, the chemical bonding
between the tip and the particle is established via the amino-coating of the tip. After the
tip is retracted, the same area is scanned in nc mode again (ﬁgure 5.1.3a (3)). Upon
successful decoration of the tip, the chosen particle will be vanished in the scan image.
In ﬁgures 5.1.3b and 5.1.3c, AFM topography images of the particles recorded with a
prepared tip before and after the attachment of a single nanoparticle can be seen. The
particle that was chosen to be picked up is marked by a dashed red circle and can not
be seen in the second image recorded at the exact same position as the ﬁrst image. SEM
images of the tip then proofed the successful decoration of the tip (ﬁgure 5.1.3d). The end
of the tip pyramid and the plateau that was intentionally formed before can be seen in
the image obtained with the secondary electron detector (SE2) of the SEM. The particle
is located at one corner of the triangular plateau. By using the back scattered electron
detector (BSD) of the SEM, an image with element contrast can be obtained. In this
image, the Co/Au particle is visible in strong contrast to the Si background of the tip. For
clariﬁcation, the tip geometry and position of the particle is sketched in ﬁgure 5.1.3e.
Furthermore, in the second AFM topography image, the particles seem to have a smaller
lateral extension when compared to the image recorded before the tip decoration. This
eﬀect is caused by the altered shape of the tip. The eﬀective radius of the previously blunt
tip is decreased as the attached particle now forms the new apex.
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(a)
(b) (c)
(d) (e)
Figure 5.1.3.: Particle attachment: (a,b) AFM non contact scans of Co/Au core/shell
particles on Si/SiO2 substrate, before (a) and after (b) the detachment
of one particle from the substrate surface (red circle). (c) SEM image
of the resulting MFM tip with a particle placed on the end of the tip
(secondary electron detector). (d) SEM image of the tip with elemental
contrast (backscattered electron detector).
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5.2. Magnetic imaging with particle probes
5.2.1. Single particles
Every time a particle was attached to an AFM tip, the imaging capability of the probe
was tested afterwards by conducting an MFM scan on a hard disk drive (HDD) sam-
ple. Throughout numerous attempts, no magnetic signal could be detected with probes
composed of only a single 30nm cobalt particle attached to the tip, even with small probe-
sample separations (lift height  30nm).
An obvious reason for this is possibly found in the comparatively small interaction
strength between the particle and the sample, such that the likewise small magnetic
signal disappears within the thermal noise background of the measurement. The esti-
mated magnetic moment of a 32:5nm Co particle is mp = 25 10 18Am, whereas for
conventional thin ﬁlm coated MFM tips, an eﬀective magnetic moment in the order of
mtip  1 10 16Am is typically speciﬁed by the manufacturer.
In ﬁgure 5.2.1, an MFM image of the magnetic structure of the HDD sample recorded
with a standard coated tip5 at 50nm lift height is shown. The measured phase shifts
caused by the interaction with the diﬀerently magnetized areas on the sample can be
found in the range of ﬃ =  3:0° to 3:4°. Accordingly, an MFM signal around one order
of magnitude smaller than observed here can be expected for a single-particle tip, given
that the particle is fully magnetized perpendicular to the sample plane, and that the same
measurement conditions were maintained (similar quality factor Q). The phase shift is
also directly proportional to the reciprocal force constant k of the cantilever [see equation
(3.3.4)]. According to the nominal force constant of the tips, the cantilever of the particle
tip is slightly stiﬀer than the cantilever of the coated MFM tip (kparticle  5N m 1 and
kcoated  3N m 1, respectively).
Accounting for these diﬀerences, a phase shift signal of ﬃ = 0:1° may be accepted as
realistic. Compared to the expected thermal noise level of ﬃnoise = 0:1°6, this is still a
discernible contrast. Therefore, the absence of any contrasts in the measured MFM images
can only partly be attributed to the smaller magnetic moment of the particle probe.
Furthermore, the possibility of the particles being magnetized in the magnetic stray
ﬁeld of the sample can not be excluded. In section 4.5.2, the measured magnetic contrasts
on a sample of Co particles have been discussed in terms of magnetized particles due to
5 MagneticMulti75-G from BudgetSensors
6 According to equation (3.5.2) and assuming the following parameters for the measurement: k = 5N m 1,
T = 300K, Q = 100, f0 = !0=2 = 150 kHz, < z
2
osc >= (12nm)
2, B = 256Hz. Also compare with
section 4.5.2.
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Figure 5.2.1.: MFM measurement on the magnetic hard disk drive test sample at
h = 50nm lift height. The measurement was done with a conventional
thin ﬁlm coated probe. Several subsequent magnetic bit pattern tracks
are visible.
the inﬂuence of the tip's magnetic ﬁeld. The same argumentation can be applied here,
although in this case the roles of the probe and the sample are switched.
In both scenarios, a magnetic signal should be measurable when a cluster of particles is
attached to the tip. Such a probe presumably has an increased net magnetic moment and
the magnetization of the whole particle probe is possibly stabilized by dipolar interactions
between the individual particles.
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5.2.2. Detection threshold using multiple particles
Experimental procedure
Further attempts were devoted to the preparation of particle probes with a suﬃcient
imaging capability by aﬃxing multiple particles. The attachment procedure was therefore
extended by the following steps: After a particle was attached to the tip, an MFM test
measurement was conducted on the HDD reference sample. Due to the small size of
the Co/Au particle sample, the HDD sample could be positioned nearby on the sample
holder. In this way, it was not required to dismount the sample with the particles or the
HDD sample at any time. The translation range of the AFM sample stage was suﬃcient
to position the tip above one sample for attachment of particles and above the other
sample for the magnetic imaging test. Furthermore, a small NdFeB magnet was used to
magnetize the particle along the tip axis. If no magnetic contrast was visible in the MFM
measurement, the tip was repositioned above the particle sample and another particle was
'picked'. This procedure can be repeated until a magnetic signal is observed.
Particle 1
Following the procedure described above, particles were attached to a tip one after another.
In ﬁgure 5.2.2, the attachment of the ﬁrst particle is demonstrated. First, the AFM
topography image of the sample is shown before the tip is brought into contact (ﬁgure
5.2.2 (a)). On the right hand side (ﬁgure 5.2.2 (b)), a topography scan of the same area
is depicted after the tip decoration. As a result of the attachment, the particle marked
in ﬁgure 5.2.2(a) is missing in ﬁgure 5.2.2(b). In turn, the appearance of the particles
changed in the latter topography image. This is a tip related imaging artefact, as the
double-tip shape of the probe is now mapped on the particles. The individual particles on
the substrate are as small as the modiﬁed probe, or even smaller, and therefore, rather the
shape of the probe is imaged by the particles than the other way around. Two pictograms
illustrating the supposed shape of the silicon tip and the particle are depicted below each
AFM images7. For this experiment, an AFM probe with a three sided tip pyramid was
used (Tap150-G AFM probes of BudgetSensors). Two SEM images illustrating the typical
tip shape of these probes are shown in ﬁgure 5.2.3. In fact, the orientation of the tip with
respect to the scanned area of the sample is like it is shown in these SEM images, i.e. the
ﬁxed end of the cantilever is always located in the upper part of the AFM images. No
ﬂattening of the tip was applied beforehand. The three sides of the pyramid are therefore
7 The top view pictogram illustrates the point of view from above the sample and the probe looking down
through the cantilever and the tip.
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the preferred sites for the bonding of the particle.
In order to validate that the recorded image in ﬁgure 5.2.2(b) can be caused by a probe
with a shape as depicted in the pictograms, the image in ﬁgure 5.2.2(a) was artiﬁcially
dilated by a spatial convolution with a convolution kernel image that describes the pre-
sumed tip shape [image in the middle of ﬁgure 5.2.2(c)]. Some words of explanation might
be reasonable here for a clariﬁcation: If we want to obtain the true physical shape of the
particles that are imaged in ﬁgure 5.2.2(b) (i.e., an image recorded with an inﬁnitely sharp
tip), we would have to deconvolve the image with the shape of the probe given in the form
of a height map of the tip. In this situation here, it is much simpler to demonstrate the
eﬀects of tip artefacts by going the other way around. Note that it has to be considered
that the source image is already a convolution of the particles' shape with the ﬁnite tip
size of the original probe which itself is in the range of 50nm. Therefore, the convolution
kernel is actually not given by a height map of the tip shape, but by two discrete peaks at
a distance of 80nm and a height of 65nm. The computation of the convolution resulted
in an accurate reproduction of the topography that was observed after the attachment
[ﬁgure5.2.2(c), right side, compared to ﬁgure 5.2.2(b)]. The only clear diﬀerence between
the two images is, logically, the particle that was 'picked' in the measured image but is
retained in the calculated image.
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Figure 5.2.2.: Attachment of the ﬁrst particle: (a) AFM topography image of the
Co/Au particles sample recorded with the unmodiﬁed tip. (b) Topo-
graphy of the sample after contacting the selected particle (dashed red
contour). The attached particle has vanished from the image. At the
same time, the modiﬁed shape of the probe is reﬂected in artefact visible
in the recorded topography (doubled particles). The proposed geometry
of the probe, viewed from top and from the side, is given as a picto-
graphic description below the AFM images. (c) The varied appearance
of the recorded image (b) after the attachment of a particle is demon-
strated to be a result of the convolution of the original topographic
information with the shape of the probe.
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(a)
20 µm
(b)
1 µm
Figure 5.2.3.: SEM images of the AFM probes used in the particle decoration exper-
iment. In (a) the bottom side of the cantilever is shown. At the lower
end, the tip of the probe is visible, pointing towards the viewer. A
magniﬁed image of the tip is shown in (b). Although the basis of the
pyramidal tip is four sided, the apex of the tip has only three sides. The
edges of the tip are marked by a dashed black line. Two vertices are
visible. The apex of the tip is at the upper left vertex.
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Particle 2
An MFM test measurement was conducted with the prepared probe in the way described
above, but no magnetic signal was observed. Therefore, the tip was repositioned above the
particle sample for the attachment of a second particle. The illustrations of this second
attachment procedure can be found in ﬁgure 5.2.4. Again, the modiﬁcation of the probe
shape is connected to a variation of the way the particles on the sample are imaged in the
topography measurement. The appearance of the particles changes from a doubled to a
tripled depiction [ﬁg.5.2.4(a) compared to ﬁg.5.2.4(b)]. The three artiﬁcial particles are
approximately lying on a straight line, with the particle in the middle being very slightly
out of line. As depicted in the two pictograms below the AFM image, this could be caused
by the second particle occupying the second of the three sides of the tip pyramid. Likewise
to the attachment of the ﬁrst particle, ﬁgure 5.2.4(b) can be obtained from ﬁgure 5.2.4(a)
as a result of a convolution computation. Here, the same convolution kernel as before was
used. As a result, every doubled particle in the image is doubled again but with two of
the subparticles overlapping. Hence, the impression of triple particles as observed in ﬁgure
5.2.4(b) is reproduced.
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Figure 5.2.4.: Attachment of the second particle: The AFM topography image of the
particles is shown before (a) and after (b) the tip decoration. The shape
of the tip is probed by the particles on the samples. For this reason,
it is possible to recognize the original silicon tip and the two particles
at the sides of the tip in the AFM image. This hints at a geometric
conﬁguration in which the two particles occupy two of the three sides of
the tip pyramid (pictogram below). The image in (b) can be computed
from image (a) by a convolution that accounts for the three displaced
tips of the probe. More details on this are given in the corresponding
text.
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Particle 3
Yet again, the MFM test measurement was not successful with this probe and a third
particle was attached (ﬁgure 5.2.5). Surprisingly, after this particle is attached, the tip
shape artefacts vanish from the AFM topography image and the particles are not multiply
depicted any more [ﬁgure 5.2.5(b)]. The additional particle obviously forms the new apex
of the probe. A possible position of the particle in between the other two particles that
were previously attached is depicted below. As before, the computed image in ﬁgure
5.2.5 demonstrates the relation between the AFM topography images before and after
attachment. This time, the original topography measurement in ﬁgure 5.2.5(a) is derived
from the later image [ﬁgure 5.2.5(b)].
In the MFM test measurement using the particle probe in the current state, some hardly
discernible features were observed at h = 30nm lift height [ﬁgure 5.2.7a(b)]. Some of
the visible contrasts are caused by a topography cross-talk [see 5.2.7a(a) for comparison].
Apart from these, features that are reminiscent of the expected contrasts of the magnetic
bit pattern can be seen ﬁgure 5.2.7a(b) (see ﬁg.5.2.1 for comparison). Because the signal-
to-noise ratio is very low, yet another attempt to increase the magnetic signal by attaching
a fourth particle was made.
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Figure 5.2.5.: Attachment of the third particle: AFM topography image of the par-
ticles before (a) and after (b) the tip decoration. The threefold tip is
converted to a single tip again as the third particle is supposedly at-
tached below the other two particles and hence forms a new single apex
of the probe (pictogram below). This time, the image before the par-
ticle pick up (a) can be artiﬁcially reconstructed from the subsequent
topography scan (b).
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Particle 4
The result of this attempt can be seen in ﬁgure 5.2.6. At ﬁrst, note that the probe's shape
has changed somehow after the previous particle bonding was ﬁnished. In fact, the tip
artefacts are clearly visible again in the AFM topography image (ﬁgure 5.2.6(a)). Three
artiﬁcial copies are connected to each physical particle now. In fact, the shape of the
artefact is the same as it was before the attachment of the third particle, except for an
additional particle that now appears at the lower left hand side of the artefact. This is
a clear hint that the third particle was resting in metastable position at the apex of the
probe before and was later transferred to one of the sides of the tip. The pictograms in
the lower part of ﬁgure 5.2.6(a) illustrate a possible conﬁguration of the tip.
After the attachment of another particle, a single apex shape of the probe is seemingly
re-established [ﬁgure 5.2.4(b)]. Apart from a small dilation of the imaged particles, no tip
artefacts are visible anymore. Consequently, it is assumed that the fourth particle resides
in the gap that is formed by the ﬁrst three particles. In ﬁgure 5.2.6(c), the reproduction
of ﬁgure 5.2.6(a) by a convolution of ﬁgure 5.2.6(b) is depicted.
In the MFM test measurement, the weak magnetic features that were already visible with
the 3-particle-probe are now more clearly visible (ﬁgure 5.2.7c). The measured phase shifts
are in the range of ﬃ =  0:1° to 0:1°. The visible structures are consistent, i.e. no abrupt
changes of the the contrast occurred during the scan suggesting that the magnetization of
the probe is stable and not inﬂuenced by the magnetic ﬁeld of the sample.
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Figure 5.2.6.: Attachment of the fourth particle: Again, the topography of the Co/Au
particles before (a) and after (b) the tip decoration recorded with the
AFM is shown. Apparently, in between the measurement shown in (a)
and the previous measurement of ﬁgure 5.2.5(b), a modiﬁcation of the
probe conﬁguration happened. The third particle left its earlier position
(indicated as gray particle in the pictogram below) and moved to the
side of the tip. A single tip shape is restored after attaching the fourth
particle at the end of the tip.
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(a) (b)
(c)
Figure 5.2.7.: MFM test measurements on the HDD reference sample: (a) The topo-
graphy of the sample surface with its characteristic stripes is shown.
The phase shift image recorded at 30nm lift height with the probe
consisting of three particles is shown in (b), with a weak indication of
the magnetic bit pattern recognizable. They become more evident in
the image recorded with the additional fourth particle attached to the
tip (c). Note that the distortion on the bottom and the right part of
the images is due to piezo creep.
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Implications
It was previously stated that the magnetic moment of a Co particle is small but the inter-
action with the magnetic sample should be strong enough to detect a signal at small
lift heights. Optimistically estimated, the total magnetic moment of four particles is
mtot = 1 10 16Am 1, when all particles are aligned. It is therefore in the same or-
der of magnitude as the eﬀective magnetic moment of a conventional MFM tip. The fact
that, nevertheless, a much smaller signal is measured with the 4-particles probe, indicates
that other eﬀects govern the achievable signal strength, e.g. a decrease of the net magnetic
moment of the particle probe by a mutual compensation of the particle dipoles depending
on their orientations. The magnetic anisotropy axes of the particles are oriented at ran-
dom and are not known. It is therefore not possible to predict a priori which magnetic
conﬁguration is internally established in the particle probe.
The NdFeB magnet was used to align the magnetization of the particles, but whether
this alignment is a stable state or the system relaxes into a low magnetization state when
the magnet is removed depends on the orientation of the individual magnetic anisotropies
and the dipolar interactions between the particles.
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5.3. Calibration of particle probes
5.3.1. General remarks
The purpose of a calibration measurement is to determine or verify the parameters of a
model that adequately describes the magnetic characteristics of the probe. This quantiﬁed
model description can be later on used to analyze MFM measurements recorded with
this probe. When the probe is described in terms of a point dipole approximation, it is
completely characterized by the determination of the strength, the orientation and the
position of a virtual magnetic point dipole. It has been argued before that a point dipole
description of a single-domain particle is well justiﬁed. The magnetic characterization of a
probe that consists of one single-domain particle, is therefore considerably simpliﬁed: The
magnetic orientation of the particle is equal to its magnetic anisotropy axis, the strength
of the dipole is solely determined by its volume and the position of the dipole coincides
with the geometric center of the particle. In principle, all three model parameters can be
determined by AFM and MFM measurements before the particle is aﬃxed. Under the
assumption that during the attachment neither the orientation, nor the strength of the
dipole or the shape of the particle is changed, the magnetic characteristics of the probe are
already determined and actually no calibration is required anymore. However, a calibration
measurement still can be useful to validate the magnetic properties of the probe.
Concerning the multiple particle probes, the situation is more complicated. The probe
could be described by multiple point dipoles, each one of them representing one single-
domain particle. This description calls for the knowledge of the exact positions and orien-
tations of the particles. On the other hand, the small size of the particle cluster could still
justify a point dipole description, as long as the probe-sample separation is much larger.
In the following, two calibration experiments for the characterization of such multiple-
particle probes using a point dipole approximation are presented. In terms of MFM probes,
the principle of calibration is to conduct a reference scan on a sample whose magnetic
(domain) conﬁguration is thoroughly determined. Based on this knowledge, the magnetic
stray ﬁeld above the sample can be computed and with equation (3.4.3), the magnetic
signal in terms of the phase shift ﬃ can be calculated for every scan position and tested
for diﬀerent parameters of the probe model.
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5.3.2. Comparative MFM measurements on a hard disk drive
reference sample
In previous experiments, the magnetic domain pattern on a hard disk drive sample, probed
by diﬀerent magnetic tips, was used to test for magnetic signal strengths. More information
can be gained from these MFMmeasurements when the spatial distribution of the magnetic
features is analysed. In this experiment, a commercially available, coated MFM tip8 was
used as a reference probe. This reference measurement is used to analyse the MFM image
recorded with a particle probe.
Experimental procedure
A series of tips were prepared as described in the previous section 5.2.2. The attachment
procedure was repeated until the magnetic features on the HDD sample were clearly visible
in an MFM test scan. An exact positioning of the attached particles was not regarded as
a priority here. The resulting probes are therefore rather 'sloppy' tips. In ﬁgure 5.3.1, an
SEM image of the particle probe that was used for the experiment is depicted. A cluster
of about 10 particles can be seen at the end of the tip.
Using this prepared tip, an area containing several stripes ( 10 µm x 10 µm) of the bit
pattern was then scanned in two-pass MFM mode. The scan area was intentionally chosen
to be in proximity to topographically characteristic features, like small debris particles.
These features were detected either optically in the camera of the microscope or in the
topography scan itself depending on their size. By using them as positional markers, the
tip was precisely positioned over the same sample area for comparable scans with the
reference tip and the particle probe. In this manner, two consecutive MFM scans of the
same sample area at identical lift heights (20nm) were made with both tips. In ﬁgure
5.3.2, the topography and magnetic image of both scans is shown. Marked with a dashed
red circle is the small particle of debris which was used for orientation.
Result
Several diﬀerences can be made out between the two recorded images. First, in the topogra-
phy image measured with the particle probe, tip artefacts appear, speciﬁcally pronounced
at small debris particles distributed over the surface. This is caused by the irregular shape
of the tip (see ﬁgure 5.3.1).
At the same time, the magnetic images diﬀer considerably. The overall magnetic signal
strength in the particle probe measurement (ﬁgure 5.3.2d) is approximately 5 times smaller
8 MagneticMulti75-G from BudgetSensors
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(a) (b)
Figure 5.3.1.: (a) SEM image of the prepared particle tip (secondary electron (SE2)
detector). (b) SEM image of the tip with material contrast (back scatter
(EBS) detector). The edges of the tip are marked for better orientation
by a pointed white line.
than in the measurement with the standard MFM tip (ﬁgure 5.3.2d). Furthermore, the
magnetic image is superimposed by topographic crosstalk artefacts in some places.
Besides the quantitative signal strength, the MFM images also show qualitative diﬀer-
ences. At ﬁrst sight, it may appear that both images show the same contrasts of the
domain pattern. However, as the same area of the sample was scanned, it is possible to
directly compare the phase shifts for both measurements. Note that, upon close inspec-
tion, positive and negative phase shifts in ﬁgure 5.3.2c and 5.3.2d do not match. At several
points the contrast seems to be inversed between the two images. In order to investigate
these diﬀerences in detail, a rectangular area (red dashed line in ﬁgure 5.3.2c and 5.3.2d),
representing a small part of one of the bit tracks, was chosen for the comparison. For the
further analysis, a simple model of the domain structure and the tip's magnetization will
be introduced and used to simulate the occurring contrasts in the MFM images.
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thin ﬁlm MFM tip particle tip
(a) (b)
(c)
-2,0° 3,4°3 µm
(d)
Figure 5.3.2.: MFM on hard disk drive sample recorded with a standard MFM tip (c)
and a particle tip (d). Both images were taken at the same position
on the sample. The debris particle (dashed white circle) that can be
seen in the corresponding topography images (a) and (b), was used as
position marker. A small sequence of domains in one of the tracks was
chosen for the detailed comparison (red dashed line).
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Model for MFM image calculation
At ﬁrst, the coordinate system for the description is speciﬁed. The x- and y-axis both lie
within the sample plane. The positive x-axis is deﬁned as the direction along the bit track
(see ﬁgure 5.3.4a). The tip is located at a distance z above the sample in +z-direction.
The point dipole approximation was chosen as model for the magnetic probes. Both tips
are therefore characterized by a point dipole moment, ~mref and ~mp9, at the positions ref
and p, respectively. All diﬀerences between the two MFM images are hence ascribed to
diﬀerences in the orientation, the strength and the position of the dipole moment.
Figure 5.3.3.: Sketch of the geometric description of the probe-sample system within
the simulation.
In order to simulate the MFM image, the second derivative of the sample's stray ﬁeld
along z needs to be calculated at all positions ~rtip that the tip dipole passes during the
scan (see section 3.4). We can use equation (3.4.6) here:
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
: (5.3.1)
~rtip = (x; y;z) is the momentary scan position of the tip. The magnetic information
is recorded during the second pass of the scan with a lift height h applied. The total
distance z during the second pass is then z = h + A, with A  17nm being the
amplitude of the tip oscillation in the ﬁrst pass.  is the (vertical) position of the virtual
dipole ~m within the tip.
Somehow, the stray ﬁeld ~H of the sample in equation (5.3.5) needs to be calculated for the
simulation. One possibility is to use a numerical micromagnetic simulation package for this
task. Simulation packages like OOMMF [26] or Nmag [27], provide eﬃcient algorithms for
the calculation of the demagnetizing ﬁeld of a magnetic body that is described by a ﬁnite-
9 ref = reference tip (standard coated MFM tip), p = particle tip.
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element mesh10. As the demagnetization ﬁeld can only be calculated within the simulated
geometry, several layers of non-magnetic material ("empty space") are simulated on top
of the magnet and the demagnetizing ﬁeld is "measured" there [83]. Unfortunately, this
method has the disadvantage that the second derivative needs to be calculated numerically
with central diﬀerences:
f 00(x) =
f(x+ h)  2f(x) + f(x  h)
h2
+O(h2); (5.3.2)
where h is the distance between the layers (i.e. the elemental cells). This calculation is
not very accurate, but for very small cell sizes.
An alternative approach that includes an analytical calculation of the second derivative
was used instead. The magnetization vectorﬁeld ~M(~r) of the sample is locally treated as a
discrete magnetic dipole moment for every cell of the ﬁnite-element mesh. Accordingly, the
stray ﬁeld at the position of the tip is calculated as the sum over the individual dipole ﬁelds
of all moments. This approximation ignores higher order moments in each simulation cell,
which is justiﬁed, as long as the distance to the tip is much higher than the cell spacing.
The MFM signal then is proportional to the second derivative of the dipolar interaction
energy:
ﬃ  @Fmag;z
@z0
(~rtip) =
X
i
@2Ed;i
@z0
(~r0); (5.3.3)
with:
@2Ed;i
@z02
(~r0) = 0 MR  Vcell 

  3  ~ni  ~m
0
j~r   ~r0j5
+
15  ~ni  ~m0(z   z0)2
j~r   ~r0j7
  6  ni;z m
0
z
j~r   ~r0j7
+
30(~ni(~r   ~r0)) m0z  (z   z0)
j~r   ~r0j7
+
30(~m0(~r   ~r0))  ni;z  (z   z0)
j~r   ~r0j7
+
15(~ni  (~r   ~r0))(~m0(~r   ~r0))
j~r   ~r0j7
  105(~ni  (~r   ~r
0))(~m0(~r   ~r0))(z   z0)2
j~r   ~r0j9

: (5.3.4)
10This is the method that was also used for the computation of the ﬁeld distribution in ﬁgure 4.5.10. More
details on this can be found in A.5.
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The sum is executed over all dipole moments ~mi =MR Vcell  ~ni at their respective positions
~ri = (xi; yi; zi). MR is the remanent magnetization of the thin ﬁlm material and Vcell is
the volume of a cell in the discretized geometry. ~ni = ~mi=j ~mij denotes the unit vector in
the direction of the moment ~mi. ~m0 is the tip dipole moment located at ~r0 = ~rtip +   ~ez
within the tip. A derivation of equation (5.3.4) can be found in A.3.
Using this equation, the MFM signal can be qualitatively simulated at every point of
the scan. In order to relate the simulated force derivative @F=@z to the measured MFM
signals (phase shift ﬃ), the expression (5.3.3) needs to be multiplied by Q=k (see equa-
tion 3.3.4) and the remanent magnetization of the HDD thin ﬁlm material needs to be
known. However, for the comparison made here, the simulated signals are normalized to
the maximum of the measured signal. This means that the strength of the tip's magnetic
moment j~mtipj can not be determined by this simulation, though.
Finally, the practical modelling of the magnetization distribution in the sample remains
to be done. Longitudinal recording technology was employed to store information in the
magnetic cobalt alloy thin ﬁlm of this HDD. All magnetic domains are therefore magnetized
in in-plane direction. The image formation for such a longitudinal recording thin ﬁlm was
already described in section 3.4. Similarly to the description there, it is assumed here
that the reference MFM tip is predominantly magnetized along the  z-direction which
is justiﬁed by the shape anisotropy of the tip. Therefore, the bright and dark stripes in
ﬁgure 5.3.2c are presumably located at the interfaces of the domains. Again, the transition
itself is assumed to be inﬁnitely sharp. On basis of this considerations, domain borders
can be marked in the MFM image (ﬁgure 5.3.4a). The bright stripes only occur at the
transitions of a +x-oriented domain to a  x-oriented domain (see ﬁgure 3.4.3b), and vice
versa for the dark stripes. Accordingly, in the next step the magnetization was assigned to
the domains (ﬁgure 5.3.4b). In the area between the bit tracks, the magnetization was set
to zero. Figure 5.3.4b was then used as a map for the distribution of the discrete magnetic
dipole moments. The spacing of dipoles is approximately 8:3nm11. In order to simplify
the model even further, only a single layer of dipoles at the surface of the thin ﬁlm was
included (ﬁgure 5.3.4c). This should be suﬃcient as a ﬁrst order approximation, as the
interaction strength of the tip with layers deeper inside the sample is decreasing with the
distance.
11The discrete cells of this model therefore are a good approximation of the single-domain magnetic grains
of the thin ﬁlm, which typically have sizes of about 10nm in diameter.
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(a) (b)
(c)
Figure 5.3.4.: Domain model of HDD sample: (a) Domain borders are marked, where
bright or dark stripes appear in the MFM image (standard tip). (b)
Based on the assumption that the tip is magnetized along the  z-
direction, domains that are magnetized along the +x-direction (red ar-
eas), as well as domains magnetized along the  x-direction (blue areas)
can be deﬁned. (c) 3-dimensional representation of the domain model.
The magnetic thin ﬁlm of the sample is modelled as a layer of magnetic
dipole moments. The number of moments is reduced for better visual-
ization. The actual model consists of 604  272 = 164 288 individual
dipoles.
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Simulation result
The simulation yields a magnetic signal strength, fsim(x; yz; ~n; ), for every scan posi-
tion (x; y) at lift height h = z   A. This signal fsim is directly proportional to the
actually measured phase shift ﬃ(x; y;z). The parameters of the point probe model,
i.e. the orientation ~n and the vertical position  of the dipole moment ~m in the tip, have
been manually varied until a good agreement with the measured data was achieved. Ad-
ditionally, a levelling (f) and scaling (S) of the calculated data was used to ﬁt it to the
measured data:
ﬃ(x; yz)  S  fsim(x; yz; ~n; ) + f
The results of the MFM image simulation for the standard MFM tip and the particle
probe, alongside with the measured images, are depicted in ﬁgure 5.3.5. Additionally,
the corresponding line proﬁles are given for a direct comparison of the measured and the
simulated signals in ﬁgure 5.3.5e.
The comparison of the proﬁle measured by the reference probe (standard MFM tip)
with the corresponding simulated signal of the same line, exhibits a quite accurate agree-
ment. The lateral position of the features, as well as the relative heights of the peaks are
reproduced well, except for some smaller deviations.
Likewise, in the case of the particle tip, the lateral positions and signs of the calculated
phase shifts are consistent with the measurement. Compared to the reference measurement,
some more distinct deviations of the simulation are visible in the position of the peaks,
though. The best alignment is given near the center of the simulated area, at a distance
of around 3m on the x-axis in ﬁgure 5.3.5e. On the left side of the line proﬁle, the
calculated features are shifted to the right with respect to the measured data. Vice versa,
on the right side they are shifted to the left. This could be caused by a small positional
mismatch between the two measured MFM images.
Another diﬀerence between measurement and simulation can be found in the relative
height of the peaks. This is especially pronounced at a distance of  4 µm in ﬁgure 5.3.5e.
Some of these deviations can presumably be attributed to statistical variations of the signal
due to the low signal-to-noise ratio (SNR) in the measurement.
Judging from the direct comparison of the simulated contrasts in the ﬁgures 5.3.5b and
5.3.5d, the magnetic structures seem to be imaged with a higher resolution in the particle
probe measurement. Yet the magnetic bit pattern has a rather low areal density of bits
compared to modern day standards. Hence, a statement about the maximum resolution
of this probe cannot be made, based on these images alone.
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dipole orientation dipole position
~n = (nx; ny; nz)  [nm]
standard tip (1/2 | 0 | -1) 260
particle tip (-1/3 | 1/6 | 1) 130
Table 5.3.1.: Parameters of the point probe approximation used for the MFM signal
simulation. The dipole orientation is indicated by the vector ~n (~njj~m).
The dipole position  refers to the vertical distance measured from the
geometric apex of the tip (see ﬁgure 5.3.3).
The probe model parameters that were used for the calculation are listed in table 5.3.1.
Upon inspection of these best-ﬁt parameters, it turns out that the dipole moment of the
standard tip is predominantly oriented in  z direction, with an inclination of 26° towards
the +x-direction. Contradictorily, the best ﬁt is not found for a dipole completely oriented
in the  z direction as it was assumed beforehand. This could be an indication that the
manually deﬁned domain borders are slightly oﬀ their true position, as an inclination
towards the x-direction in the tip model mostly shifts the lateral position of the peaks (see
Appendix A.2.1).
Furthermore, note that the point dipole moment is situated at a distance  = 260nm
inside the tip according to this model. It is expected that the eﬀective point dipole lies at
some distance upward within the tip. In fact, it should be located in the center of mass
of the eﬀectively interacting part of the tip's magnetic coating. Using the eﬀective dipole
moment speciﬁed for the NANOSENSORSTM PPP-MFMR AFM probe as a ﬁgure of merit
for a pyramidal tip, the eﬀective position of the dipole can be estimated as   114nm (see
section A.5.1 of the Appendix). Compared to this, the value of  found in this simulation
appears rather high. However, this comparison is of questionable avail. In the point dipole
model, the position of the virtual point dipole depends on the fraction of the tip volume
that eﬀectively interacts with the sample. Consequently, this value may vary considerably
between two diﬀerent samples.
In contrast to the standard tip, a dipole orientation in +z-direction, with in-plane com-
ponents in the  x-direction (inclination approximately 18°) and the +y-direction (9:5°),
was found for the particle tip. Furthermore, the simulation yields a point dipole position of
 = 130nm. Again, this represents the position of the net magnetic moment of the probe
at the center of mass of all particles. Hence, the vertical extend of the spatial distribution
of particles needs to be taken into account here.
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Anyhow, the distance between the sample surface and the tip dipole moment is sig-
niﬁcantly smaller for the particle tip compared to the standard tip. This explains the
apparently higher resolution of the particle tip.
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(a) (b)
(c) (d)
(e)
Figure 5.3.5.: MFM on HDD sample: (a) Comparison of the MFM image detail
recorded with the reference tip and the corresponding simulated im-
age (b). The same region probed with the particle tip is depicted below
(c) alongside with the computed image (d).
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5.3.3. Probe calibration using dipole-dipole interactions
The aim of this experiment was to make use of the magnetic interaction of a particle probe
with another single-domain particles in an MFM calibration experiment. The advantage of
this approach lies in the fact that the reference particles can be well described by a point
dipole approximation. The task of calculating the magnetic interaction between probe
and sample is therefore reduced to a simpler computation of a dipole-dipole interaction.
Besides this, a well characterized sample of single domain Co particles is readily at hand
as a result of the previous preparation process.
Experiment
For this experiment, the 4-particle probe of section 5.2.2 was employed. Several MFM
measurements were conducted on the Co/Au particle sample (sample B), each at diﬀerent
lift heights ranging from h = 20nm to 80nm.
During this experiment, similar images to those measured with a standard MFM tip (see
section 4.5.2) were recorded, except for the fact that only negative phase shifts were ob-
served. The same argumentation that was discussed for the interpretation of the contrasts
measured with a coated tip can be applied here. This means, an interdependent inﬂuence
of the magnetic dipoles of the probe and the particles has to be taken into account.
Figure 5.3.6 provides an illustration of the ﬁeld distribution of a single-domain particle
of d  30nm in diameter which is magnetized along the  z direction. This picture
demonstrates that similarly high ﬁelds as found earlier for a thin ﬁlm coated tip are present
near the particle (see ﬁgure 4.5.10 for comparison). Consequently, in the further analysis of
the MFM signals, it was assumed that the interaction between the probe and the reference
particles is attractive at all times.
In ﬁgure 5.3.7, the result of one MFM measurement at h = 30nm lift height is pre-
sented. In ﬁgure 5.3.7a, the topography image depicting several particles on the sample is
shown, alongside with the phase shift image of the second pass in ﬁgure 5.3.7b. Fourteen
particles of this region were selected (white circles) and the phase shift measured above
those particles was extracted at diﬀerent lift heights. In order to reduce uncertainties due
to noise (especially for the images recored at increased lift heights), a 2-dimensional Gaus-
sian function was ﬁtted to the noisy data and the phase shift value at its minimum was
extracted for each particle and each lift height (ﬁgure 5.3.7c and 5.3.7d).
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Figure 5.3.7.: Example of (a) topography and (b) MFM scan at 30 nm lift height over
the Co/Au particle sample. The particles that were chosen for MFM
data analysis are marked by white circles. (c) 2D Gaussian function
ﬁt of the indicated area in (b). (d) Cross-section of the MFM signal
through the particle in comparison with the ﬁtted Gauss curve.
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Theoretical description and analysis
The described measurements result in a dataset of height dependent magnetic signals for
each chosen particle. Starting point for the description of the signals is the point probe
approximation [equation (3.4.6)]:
@Fmag;z
@z
(x; y; z) = 0
X
i=x;y;z

mtipi 
@2Hi(x; y; z)
@z2

; (5.3.5)
that describes the force gradient @F=@z acting on the tip dipole moment ~mtip at position
~r = x  ~ex + y  ~ey + z  ~ez within the stray ﬁeld ~H of the reference particle. According to
the approximation stated at the beginning, ~H is the magnetic ﬁeld of a point dipole ~mp
located at the origin.
Translated to the measured phase shift ﬃ(x; y; l) of the tip oscillation at position (x; y)
of an MFM scan at lift height h, this becomes:
ﬃ(x; y;h) =  0180

Q
k
h
mtipx 
@2Hx
@z2
(x; y;z)
+ mtipy 
@2Hy
@z2
(x; y;z)
+ mtipz 
@2Hz
@z2
(x; y;z)
i
;
(5.3.6)
in which z is the vertical distance between the probing dipole of the tip ~mtip and the
reference dipole of the single particle ~mp. Accounting for all contributions, this separation
can be expressed as:
z = h+ A+  + dp=2: (5.3.7)
h denotes the nominal lift height in the second scanning pass, A is the tip oscillation
amplitude during the ﬁrst pass of a scan line, whereas  accounts for the vertically displaced
position of the tip dipole (ﬁgure 5.3.8). Furthermore, in this dipole model the magnetic
dipole of the reference particle is located in the center of the particle. Therefore, the radius
of the particle, rp = dp=2, is added to the total separation z.
Besides this, the MFM signal [equation (5.3.6)] is also determined by the characteristics
of the oscillating cantilever. The quality factor Q of the oscillating system can be deduced
from a frequency sweep of the cantilever as described in section 3.2 and ﬁgure 3.2.1. The
resonance curve of the cantilever used in the experiment can be seen in ﬁgure 5.3.9a. From
this curve, a Q value of 140 was determined using equation (3.2.4).
On the other hand, the force constant of the cantilever k can be obtained from a mea-
surement of the physical dimensions of the cantilever, i.e the width w, the length l and the
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Figure 5.3.8.: Geometric description of the probe-sample system in the dipole-dipole
model.
thickness t of the cantilever beam. Having measured these, equation (3.2.2) can be used
to determine the force constant k:
k =
E  w  t3
4  l3 : (5.3.8)
The resulting force constant is k = 4:9N m 1. In table 5.3.2, the values used in equation
(5.3.8), in order to obtain k, are given. The width w and the length l of the cantilever
beam were determined from an SEM image which is shown in ﬁgure 5.3.9b. The thickness
t can not be measured accurately in the SEM picture, it was therefore calculated with the
measured resonance frequency f0 by [38]:
d =
2  p12  
1:8751042| {z }
6;190415

r

E
 f0  l2: (5.3.9)
length l 142.1 µm
thickness d 2.202 µm
density (Si)  2330 kg m 3
modulus of elasticity E 1:69 1011 N m 2
width b 31.73 µm
force constant k 4.9 N m 1
Table 5.3.2.: Values used for the calculation of the force constant k according to equa-
tion (5.3.8).
The MFM signal description by means of the expression (5.3.6) can be further simpliﬁed.
The values ofﬃ are read out only above the center of the particles (i.e. the particle tip and
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(a) (b)
Figure 5.3.9.: (a) Resonance curve of the cantilever. The quality factor Q was de-
termined by measuring the the full width of the peak at 1=
p
2 of the
maximum amplitude [equation 3.2.4]. (b) SEM image of the cantilever
beam. The measured width and length of the cantilever beam is used
to calculate the force constant of the cantilever [equation (5.3.8)].
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the sample particle are aligned along the z axis at this position). Therefore, ﬃ(x; y;h)
only needs to be calculated at positions for which x; y = 0.
As discussed above, it was deduced from the measured MFM contrasts that the inter-
actions between the probe and the particles are always attractive in nature. Within the
signal description here, this is accounted for by using aligned dipoles, i.e. the tip dipole
is set as ~mtip =  mtipz  ~ez, and the dipole of the reference particle is set accordingly as
~mp =  mpz  ~ez. The MFM signal ﬃ consequently reads as:
ﬃ(h)

x;y=0
=  0180

Q
k
mtipz 
@2Hpz
@z2
(z)

x;y;mpx;y=0
; (5.3.10)
with the dipole ﬁeld Hp of the particle 12:
@2Hpz
@z2
(z)

x;y;mpx;y=0
=
24mpz
z5
:
The magnetic dipole moment mpz of the particles can be estimated with the saturation
magnetization of cobalt (Msat(Co) = 1:44 106Am 1) and the volume of the ferromag-
netic cobalt core of the particle VCo:
mpz = VCo Msat(Co) =

6
 d3p   Msat(Co): (5.3.11)
The diameters dp of the particles can be determined from the AFM topography data
that was recorded simultaneously with the MFM scans. Actually, the diameter of the
magnetically active core is smaller, because the diamagnetic gold does not contribute to
the dipole moment of the particle. As the thickness of the gold layer cannot be determined
precisely for every particle, an additional scaling factor  was introduced here which is
left unspeciﬁed for the time being. It will be determined in the following as a regression
parameter.
At this point, the magnetic dipole moment of the tip mtipz and its eﬀective position , as
well as the scaling factor i (which is diﬀerent for every particle) remain as unknown pa-
rameters and can be determined with equation (5.3.10) by ﬁtting ﬃ(h) to the measured
MFM data for diﬀerent scanning heights h.
Before this is done, it is convenient to normalize the measured values of ﬃ to the
particle diameter. Based on equation (5.3.10), this is done by dividing ﬃ by d3p;i (in the
following denoted shortly as d3i ), with i=1,...,14 being the respective sample particle index.
Furthermore, the fact needs to be considered that for every data point the actual distance
12See Appendix A.3
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z = h+ A+ di=2 + heff between the dipole of the probe and i-th particle depends on
the particle diameter. Accounting for this, the resulting function fi(z) that is ﬁtted to the
data reads as:
fi(z) = C1  ﬃ(z)
d3i
= i mtipz  (z + ) 5 ; (5.3.12)
with z = h+A+di=2. Also note that C1 includes all remaining factors (Q; k; 0, etc.).
Result
The result of the ﬁtting is presented in ﬁgure 5.3.10. In this graph, the normalized data
is plotted versus the distance z and the set of functions f(i;mtipz ;) using the found best-ﬁt
parameters i;mtipz ; . The dashed horizontal lines in ﬁgure 5.3.10 indicate the noise level
in comparison to the data points in the MFM measurement.
The ﬁt yields a best-ﬁt value ofmtip=(102:9 15:1) 10 18Am2 for the magnetic dipole
moment and =(145:3 6:3)nm for the probe dipole position. Values of the scaling factors
i obtained from the ﬁtting are listed below the graph in ﬁgure 5.3.10.
In order to clarify the functional dependence that is exhibited in the measured dataset,
ﬁgure 5.3.11 provides a graph of the same data shown in ﬁgure 5.3.10 but scaled with the
parameters i. As indicated by the red area, the data can be described in the observed
distance range by equation (5.3.12) within the error margin of the best-ﬁt values for the
parameters i;  and mtipz (red envelope).
By some simple estimations and geometric considerations, one can check for the plausi-
bility of the values found for the dipole moment mtipz and its eﬀective position .
The result of the probe preparation was a tip with four Co/Au particles attached to
it (see section 5.2.2). Before the encapsulation of the particles was done, a diameter of
d = (34:7 6:6)nm was measured for the cobalt core of the particles. Therefore, the
maximum eﬀective probe moment arises from the sum of the individual moments:
mnet = m1 +m2 +m3 +m4 = 4  
6
Msat(Co)  d3 = (126 18) 10 18Am2:
It appears reasonable that the value for the total eﬀective moment of the probe mtipz is
found to be smaller in this experiment but still in the same order of magnitude [mtipz =
(102:9 15:1) 10 18Am2].
Contrary to this, the found value for =(162:3 6:3)nm is bigger than expected from
simple geometric considerations about the tip shape. In the model that was derived for
the 4-particle-probe (section 5.2.2) , three of the particles are aﬃxed roughly at one height
on the silicon tip and the fourth particle is stacked on top the others. From this point of
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Figure 5.3.10.: Distance dependent MFM data of 14 reference particles normalized to
the diameter of each particle. A set of functions fi = i A  (z B) 5
was ﬁtted to the data yielding best-ﬁt values for the parameters A and
B that can be identiﬁed with the eﬀective dipole moment of the probe
(measured in Am2), and the eﬀective position of the dipole (measured
in nm), respectively. The values of the parameters i are tabled below
the graph. The dashed lines mark the noise levels of the measurement.
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Figure 5.3.11.: Normalized MFM data scaled with the parameters i found by the
function ﬁt. The marked red area indicates the error margin of the
function f = A (z B) 5 in the conﬁdence intervals of the parameters
A and B.
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view, the eﬀective dipole should be located in the center of the pyramid that is formed
with the four particles representing the vertices. Consequently, it should be found at an
approximate height of theory = 50nm.
The high value of  means that the decay curve in the graph of ﬁgure 5.3.11 is not as steep
as expected assuming a purely magnetic interaction. This could be an indication that other
forces of non-magnetic origin contribute to the measured signal. However, a topographic
crosstalk would have the opposite eﬀect. The attractive van-der-Waals interaction has
a similar distance dependence13 but typically dominates only at smaller distances. A
signiﬁcant inﬂuence of this topographic cross talk would increase the steepness of the
curve at small distances.
Another reason for this mismatch of theory and experiment might be found in an insuﬃ-
cient description by the point dipole model. Consulting ﬁgure 5.3.10, one may accept that
the measured signals at distances of around 70nm to 80nm are 'unsuspicious' of both, a
topography cross talk (because van-der-Waals forces are diminished at these distances),
and also of uncertainties due to a low signal-to-noise ratio. Even so, one has to bear in mind
that a distance of 70nm is not small compared to the size of the multiple-particle-probe
which was an essential assumption of the point probe approximation, though.
13The van-der-Waals interaction energy between two spheres with radii R1 and R2 is given by [38]: E =
 A=6D R1 R2=(R1+R2), with the Hamaker constant A and the distance D between the centers of the
spheres. The phase shift signal of an AFM probe is directly proportional to the force gradient @F=@z
acting on the tip. For the distance dependence of the signal therefore results: ﬃ / @2E=@z2 / 1=D3.
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5.4. Summary
This chapter gave a detailed description of the preparation procedure for particle deco-
rated AFM tips. Using this technique, single ferromagnetic Co particles were aﬃxed to a
commercially available silicon AFM tip. Note that the probes prepared in this way typi-
cally proved to be quite resistant against abrasion or detachment of particles. Some of the
prepared tips have been used over several weeks for AFM experiments without detachment
of any particles.
It was found that a probe consisting of only a single particle is not able to detect the
magnetic domain structure of a hard disk drive test sample, at least in an AFM set-up at
ambient conditions.
Consequently, the attachment of additional particles was attempted. In the course of
this tip modiﬁcation, it was demonstrated how an analysis of the topographic imaging
properties can be used to determine the momentary state of the probe.
A 'threshold' of at least four attached particles was found for the magnetic imaging
capabilities of such a tip. It was argued that this threshold can be a combined eﬀect of
both, the increase of the total magnetic moment, each time a particle is added to the
probe, and the mutual stabilisation of the magnetic dipoles.
Finally, two calibration experiments were attempted with the goal to quantitatively
describe particle probes in terms of a point dipole model. The comparison of measured
magnetic contrasts on a hard disk drive sample with a particle probe and a coated reference
tip allowed for the determination of the dipole orientation and position. It was found that
the eﬀective particle probe dipole is located considerably lower than the eﬀective dipole of
the reference tip, although it seems that the absolute value of the eﬀective dipole height
is overestimated by this model for both probes.
The second experiment involved the magnetic signals that were measured above cobalt
particles from the same sample batch as the particles of the probe. By analysing the MFM
data in terms of a dipole-dipole interaction between probe and sample, a probe dipole
strength was determined that is in accordance with the presumed magnetic moments of
the attached Co particles. However, also this experiment yielded an unexpectedly large
vertical displacement of the eﬀective probe dipole.
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6.1. Summary
In this thesis, the possibility for applying nanometer-sized ferromagnetic particles as ad-
vanced probes for magnetic force microscopy was explored, both experimentally and by
theoretical considerations. To this end several experimental steps had to be accomplished
and various techniques were tested for their beneﬁt in order to achieve this goal. In sum-
mary, a viable route for the preparation of the desired probes was identiﬁed. Hence, a
protocol for the fabrication of a magnetic particle equipped scanning microscopy probe
can be formulated as a bottom line of this thesis:
1. Preparation of suitable nanoparticles on a substrate:
The single-domain size limit, thermal stability of magnetization and the mag-
nitude of the magnetic moment of the particle are the essential properties that
need to be considered for the choice of a convenient type of particle. For the
preparation of particles, a variety of established synthesis routes can be em-
ployed.
Two types of particles were chosen in this thesis considering the criteria men-
tioned above: cobalt particles with diameters d  30nm and FePt particles
with a diameter of d  5nm.
2. Growth of a passivating gold shell:
The light-induced deposition of gold in HAuCl4 solution turned out be an ef-
fective way for a chemical passivation of ferromagnetic particles. Furthermore,
the gold coating provides speciﬁc molecular binding sites that are needed for
aﬃxing particles.
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It was demonstrated that iron-platinum and cobalt nanoparticles can be used
as catalytic seeds for the gold reduction. The prevention of oxidation for those
core-shell particles was demonstrated by making use of the exchange bias eﬀect
of oxidized cobalt particles and by MFM investigations.
3. Magnetic characterization of the particles:
SQUID magnetometry can be used to check for the thermal stability of the
particles (determination of the blocking temperature). MFM can be employed
to determine the orientation of individual particle dipoles provided that the
inﬂuence of the probing tip on the magnetization of the particle is minimized.
This opens up the possibility to choose a particle with the desired magnetic
orientation for the subsequent attachment to a tip.
Within this thesis, the magnetic characterization was used to prove that
Co/Au core-shell particles stay ferromagnetic at room temperature for at least
several weeks. The magnetic contrasts observed on these particles in MFM
measurements can be identiﬁed either with rigid dipoles having a deﬁned ori-
entation or with dipoles that are aligned by the tip's stray ﬁeld.
4. Attachment of a particle to a scanning probe:
When all the previous steps are successfully completed, a practically inex-
haustible 'reservoir' of particles is available, ready for attachment to a scanning
probe. It was demonstrated how a commercially available AFM probe func-
tionalized by an amino-coating can be used to 'pick up' a single nanoparticle
with minimum eﬀort using a conventional AFM set-up.
5. Calibration of the probe using a reference sample:
Two possible calibration experiments on a MFM reference sample (HDD sample
and Co/Au particles) were presented. Combined, these two measurements allow
for the determination of all parameters that quantitatively describe the probe
in the point dipole model. Namely those parameters are the magnitude, the
orientation and the position of the eﬀective magnetic dipole.
The magnetic contrasts observed on both reference samples with Co particle
probes can be well described by using the point probe approximation with
realistic model parameters of the probe. Surprisingly, the displacement of the
eﬀective probe dipole is seemingly overestimated by this model, though.
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6.2. Prospects
This thesis provides the basis for fabrication of nanoparticle based probes. Starting from
this basis, further improvements can be made:
Using nano-sized ferromagnetic particles as probes for magnetic imaging involves to op-
erate near the sensitivity limit of the microscope. No magnetic imaging could be demon-
strated with a single-particle probe. Hence, the probes were extended to multiple particles,
thereby compromising the initial ambitions to some extent. For the most part, the quality
factor Q and the force constant of the cantilever k have been neglected as factors that
inﬂuence the sensitivity. The Q factor can be hugely increased by conducting the MFM
experiment in ultra high vacuum. Consequently, there is a chance to observe a magnetic
signal with a single-particle probe under these conditions. Furthermore, some improve-
ment of the sensitivity can be possibly gained by using cantilevers with a smaller force
constant k.
Chapter 5.3 of this thesis presented two calibration experiments. Although it was pos-
sible to extract the point probe model parameters from these measurements, it has to be
stressed here that this is no deﬁnitive proof for a magnetic dipole characteristic of the tip.
This means, whether or not this probe is adequately described by the point dipole approxi-
mation remains to be veriﬁed by further experiments. Only when the probe (and hence the
measured contrasts) can be described with the same point dipole parameters for diﬀerent
sample stray ﬁelds, one can be sure that the probe is well approximated by this model.
Investigations considering this issue have been published for other tip shapes [19, 84].
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A.1. Magnetic properties of some ferromagnetic
materials
magnetization exchange speciﬁc wall
substance ref. MS parameter A K1 energy W
[T/0 (105Am 1)] [pJ m 1] [MJ m 3] [mJ m 2]
Fe [30] 2.15 (17.1) 8.3 0.048 2.6
[85] 2.158 (17.4) 20.7 0.048
[85] 2.158 (17.4) 0.048 2.1
Co [30] 1.76 (14.0) 10.3 0.53 9.3
[85] 1.79 (14.2) 0.453 7.84
[85] 1.79 (14.2) 30.2 0.453
[85] 1.79 (14.2) 31.4 0.453
[54] 1.76 (14.0) 0.45 7.84
Ni [30] 0.62 (4.9) 3.4 -0.0048 0.5
[85] 0.62 (4.9) 7.2 -0.0045
[85] 0.62 (4.9) 8.5 -0.0045
[85] 0.62 (4.9) -0.0045 0.39
CoPt [30,54] 1.00 (8.0) 4.9 28
FePt [30,54] 1.43 (11.4) 6.6 32
FePd [54] 1.38 (11.0) 1.8 17
Fe3O4 [85] 0.60 (4.8) -0.011 2.0
 Fe2O3 [30] 0.47 (3.7) -0.0046
SmCo5 [30] 1.07 (8.5) 22.0 17 77
[85] 1.05 (8.4) 12 17
[54] 1.07 (9.1) 11  22 42  57
Nd2Fe14B [30] 1.61 (12.8) 7.7 4.9 25
[85] 1.61 (12.8) 7.3 4.3
[85] 1.61 (12.8) 8.4 4.3 24
[54] 1.60 (12.7) 4.6 27
Table A.1.1.: Intrinsic magnetic properties (bulk) of some ferromagnetic materials,
gathered from diﬀerent sources.
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Substance Ref. DSP DSD
(nm) (nm)
Fe [30] 16.1 15:6
Co [30] 7.2 68
[85] 7.6 56
[54] 7.6 58
Ni [30] 34.6 38:4
[85] 35.4 29:2
CoPt [30,54] 3.44 626
FePt [30,54] 3.2 352
FePd [54] 4.8 202
Fe3O4 [85] 26.4 12.4**
 Fe2O3 [86] 10.0** 
SmCo5 [30] 2.2 1526
[54] 2.0  2.6 726  986
Nd2Fe14B [30] 3.4 218
[85] 3.6 210
[54] 3.6 240
Table A.1.2.: Critical single-domain diameter DSD and superparamagnetic size limit
DSP . Figures of DSP are room temperature values that have been calcu-
lated with equation (2.4.3), using the values of K1 given in table A.1.1.
Figures of DSD have been calculated using equation (2.2.2) with the
values of W and MS given in table A.1.1. For the wall energy W the
expression for uniaxial crystals W = 4
p
A K1 has been inserted in
equation (2.2.2). Figures marked with * were calculated using the equa-
tion for the low anisotropy case (2.2.3). Figures marked with ** were
directly adopted from the reference.
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A.2. Simulation of MFM signals on a HDD sample:
Variation of the parameters
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Figure A.2.1.: Simulated MFM line proﬁle under variation of the tip parameters. (a)
MFM proﬁles for a tip magnetized perpendicular to the sample plane
with varying separation between the point dipole of the tip and the
surface. The separation values are varied between 20nm and 250nm.
(b) MFM proﬁle at 170nm separation for diﬀerent tip dipole moment
orientations.
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A.3. Calculation of the magnetic dipole-dipole
interaction
The magnetic ﬁeld H at position ~r, caused by a magnetic point dipole moment ~m that is
located at the origin can be expressed as:
~H =
1
4
 3(~r  ~m)~r   ~m  ~r
2
r5
: (A.3.1)
More generally, the magnetic ﬁeld H, measured at position ~r0, of a magnetic point dipole
moment ~m located at ~r reads as:
~H =
1
4
 3((~r   ~r
0)  ~m)(~r   ~r0)  ~m  (~r   ~r0)2
j~r   ~r0j5 : (A.3.2)
Consequently, the interaction energy of two point dipoles ~m and ~m0 , at positions ~r and ~r0
are given as:
E =  0  ~m  ~H (A.3.3)
=  0
4

3(~m  (~r   ~r0))(~m0  (~r   ~r0))
j~r   ~r0j5  
~m  ~m0
j~r   ~r0j3

: (A.3.4)
For MFM, the following relations apply:
ﬃ  @F
@z0
=
@2E
@z02
: (A.3.5)
Firstly, some precomputed expressions are given:
f(~r; ~r0) = j~r   ~r0j
=
p
(x  x0)2 + (y   y0)2 + (z   z0)2
=
p
(~r   ~r0)2 (A.3.6)
@f
@z0
=
1
2 p(~r   ~r0)2  2  ( 1)  (z   z0)
=
z0   z
j~r   ~r0j (A.3.7)
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g  f 3
= j~r   ~r0j3 (A.3.8)
@g
@z0
=
@g
@f
 @f
@z0
(A.3.9)
= 3  f 2  @f
@z0
(A.3.10)
= 3  j~r   ~r0j  (z0   z) (A.3.11)
g^ =
1
g
=
1
f 3
=
1
j~r   ~r0j3 (A.3.12)
@g^
@z0
= ( 1)  1
g2
 @g
@z0
=  3  z
0   z
j~r   ~r0j5 (A.3.13)
h  f 5
= j~r   ~r0j5 (A.3.14)
@h
@z0
=
@h
@f
 @f
@z0
= 5  f 4  @f
@z0
= 5  j~r   ~r0j3  (z0   z) (A.3.15)
h^ =
1
h
=
1
f 5
=
1
j~r   ~r0j5 (A.3.16)
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@h^
@z0
= ( 1)  1
h2
 @h
@z0
=  5  z
0   z
j~r   ~r0j7 (A.3.17)
  (~m  (~r   ~r0))  (~m0  (~r   ~r0))
= (mx  (x  x0) +my  (y   y0) +mz  (z   z0))
(m0x  (x  x0) +m0y  (y   y0) +m0z  (z   z0)) (A.3.18)
@
@z0
= (~m  (~r   ~r0))  @
@z0

m0x  (x  x0) +m0y  (y   y0) +m0z  (z   z0)

+
@
@z0
[mx  (x  x0) +my  (y   y0) +mz  (z   z0)]  (~m0  (~r   ~r0))
= (~m0  (~r   ~r0))  ( mz) + ( m0z)  (~m  (~r   ~r0)) (A.3.19)
  (~m  (~r   ~r
0))  (~m0  (~r   ~r0))
j~r   ~r0j5
=

h
(A.3.20)
@
@z0
=
@=@z0  h    @h=@z0
h2
=
@=@z0  f 5     5  f 3  (z0   z)
f 10
=
( mz)  (~m0  (~r   ~r0)) + ( m0z)  (~m  (~r   ~r0))
j~r   ~r0j5
 5  (~m  (~r   ~r
0))  (~m0  (~r   ~r0))  (z0   z)
j~r   ~r0j7
(A.3.21)
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So:
E =  0
4
 [3   (~m  ~m0)  g^]
@E
@z0
=  0
4


3  @
@z0
  (~m  ~m0)  @g^
@z0

=  0
4


( 3)  mz  (~m
0  (~r   ~r0)) +m0z  (~m  (~r   ~r0))
j~r   ~r0j5
 15  (~m  (~r   ~r
0))  (~m0  (~r   ~r0))  (z   z0)
j~r   ~r0j7
+3  (~m  ~m
0)  (z   z0)
j~r   ~r0j5

=  0
4
 [A+ B + C +D] (A.3.22)
A  ( 3)  mz  (~m
0  (~r   ~r0))
j~r   ~r0j5 =: E  h^
B  ( 3)  m
0
z  (~m  (~r   ~r0))
j~r   ~r0j5 =: F  h^
C  ( 15)  (~m  (~r   ~r
0))  (~m0  (~r   ~r0))  (z0   z)
j~r   ~r0j7
D  3  (~m  ~m
0)  (z   z0)
j~r   ~r0j5 =: G  h^
(A.3.23)
In order to calculate @2E=@z02, the derivatives of A, B and C need to be found:
A:
A0 = @A
@z0
=
@E
@z0
 h^+ E  @h^
@z
= ( 3)  mz  ( m
0
z)
j~r   ~r0j5
+15  mz  (~m
0  (~r   ~r0))(z0   z)
j~r   ~r0j7 (A.3.24)
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B:
B0 = @B
@z0
=
@F
@z0
 h^+ F  @h^
@z
= ( 3)  m
0
z  ( mz)
j~r   ~r0j5
+15  m
0
z  (~m  (~r   ~r0))(z0   z)
j~r   ~r0j7 (A.3.25)
C:
k  f 7
= j~r   ~r0j7 (A.3.26)
@k
@z0
=
@k
@f
 @f
@z0
= 7  f 6  @f
@z0
= 7  j~r   ~r0j5  (z0   z) (A.3.27)
k^  1
k
=
1
f 7
=
1
j~r   ~r0j7 (A.3.28)
@k^
@z0
= ( 1)  1
k2
 @k
@z0
=  7  z
0   z
j~r   ~r0j9 (A.3.29)
C0  ( 15)  (~m  (~r   ~r0))  (~m0  (~r   ~r0))  (z0   z)
= ( 15)    (z0   z) (A.3.30)
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@C0
@z0
= ( 15) 

@
@z
 (z0   z) +   @
@z0
(z0   z)

= 15  (~m0  (~r   ~r0)) mz  (z0   z)
+15 m0z  (~m  (~r   ~r0))  (z0   z)
+15  (~m  (~r   ~r0))  (~m0  (~r   ~r0))  ( 1) (A.3.31)
C = C0  k^ (A.3.32)
C 0 = @C
@z0
=
@C0
@z0
 k^ + C0  @k^
@z0
= 15  (~m
0  (~r   ~r0)) mz  (z0   z)
j~r   ~r0j7
+15  m
0
z  (~m  (~r   ~r0))  (z0   z)
j~r   ~r0j7
 15  (~m  (~r   ~r
0))  (~m0  (~r   ~r0))
j~r   ~r0j7
+105  (~m  (~r   ~r
0))  (~m0  (~r   ~r0))(z0   z)2
j~r   ~r0j9 (A.3.33)
D:
D0 = @D
@z0
=
@G
@z0
 h^+ G  @h^
@z0
= 3  (~m  ~m
0)  1
j~r   ~r0j5
 15  (~m  ~m
0)  (z0   z)2
j~r   ~r0j7 (A.3.34)
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Finally, the second derivative of the interaction energy can be calculated:
@2E
@z02
=  0
4
(A0 + B0 + C 0 +D0)
=
0
4

( 3)  ~m  ~m0
j~r   ~r0j5
 6 mz m
0
z
j~r   ~r0j5
+
30 mz  (~m0  (~r   ~r0)  (z   z0))
j~r   ~r0j7
+
30 m0z  (~m  (~r   ~r0)  (z   z0))
j~r   ~r0j7
+
15  (~m  (~r   ~r0))  (~m0  (~r   ~r0))
j~r   ~r0j7
+
15  (~m  ~m0)  (z   z0)2
j~r   ~r0j7
 105  (~m  (~r   ~r
0))  (~m0  (~r   ~r0))  (z   z0)2
j~r   ~r0j9

(A.3.35)
Special Case 1 (Cross section through particle located at the origin):
~m = (m  cos(); 0;m  sin()), ~m0 = (0; 0;m0z), ~r = (x; 0; z) and ~r0 = (0; 0; 0)
With f = j~r   ~r0j, equation (A.3.39) may be written as:
@2E
@z02
=
0
4
F + G
f 5
+
H + J + L+M
f 7
+
N
f 9

(A.3.36)
f = (x2 + y2)1=2
F =  3 m0z m  sin()
G =  6 m0z m  sin()
H = 30 m0z m  z2  sin()
J = 30 m0z m  z  [x  cos() + z  sin()]
L = 15 m0z m  z  [x  cos() + z  sin()]
M = 15 m0z m  z2  sin()
N =  105 m0z m  z3  [x  cos() + z  sin()] (A.3.37)
(A.3.38)
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@2E
@z02
=
0
4

( 9) m0z m  sin()
(x2 + z2)5=2
+
45 m0z m  z  x  cos()
(x2 + z2)7=2
+
90 m0z m  z2  sin()
(x2 + z2)7=2
 105 m
0
z m  z3  x  cos()
(x2 + z2)9=2
 105 m
0
z m  z4  sin()
(x2 + z2)9=2

(A.3.39)
Special Case 2:
~m = (0;0;mz), ~m0 = (0;0;m0z), ~r = (0;0; z) and ~r
0 = (0;0; z0)
Equation (A.3.39) reduces to:
@2E
@z02
=  0
4
 24 mz m
0
z
(z   z0)5 (A.3.40)
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A.4. Exchange bias in oxidized Co particles
Reference Preparation < d > T HZFC HFC HE
(nm) (K) (kOe) (kOe) (kOe)
[79] vapor deposition 11:5 10  2  6 9:2
[79] vapor deposition 35 10 2:3  2 to 3 1:2
[80] plasma gas condensation 6 5 5 5 10:2
[81] plasma gas condensation 20 6 6:25 9:9 9:85
[78] thermal decomposition 10 to 13 10 2:1 3:95 4
Table A.4.1.: Experimentally determined exchange bias ﬁelds HE of oxidized Co par-
ticle. The data was gathered from diﬀerent sources. For each measure-
ment, the preparation method, speciﬁed in the respective reference, is
given. Also, the measurement temperature T of the hysteresis curves, as
well as the coercive ﬁelds, measured after the zero-ﬁeld-cooling (HZFC)
and ﬁeld cooling (HFC) of the sample, are provided.
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A.5. Numerical models for standard thin-ﬁlm MFM tips
A.5.1. Estimation of the eﬀective tip dipole position for a
pyramidal tip
Commercially available MFM probes are fabricated by coating of silicon AFM tips with a
thin ﬁlm of ferromagnetic material. Therefore, the shape of the magnetic part of the tip
can be described by a hollow four-sided pyramid. Given, that the quadratic base has a
a
h
t
h
a/2
α/2
h
Figure A.5.1.: Illustration of the magnetic thin ﬁlm coating of an MFM probe: Stan-
dard MFM probes are fabricated by thin ﬁlm coating of Si AFM tips.
Accordingly, the ferromagnetic material assumes the shape of a hollow
pyramid that can be described by a height h from its the base to the
apex, a side length a of the quadratic base and the ﬁlm thickness t.
side length of a, the height from the base to the apex is h and the thickness of the thin
ﬁlm is t, the volume of the hollow pyramid can be calculated with:
V = Vouter   Vinner
Vouter =
1
3
 A  h = 1
3
 a2  h
Vinner =
1
3
 (a  2t)2  (h h) (A.5.1)
The side length a can be expressed in terms of the height h and opening angle :
tan(=2) =
a=2
h
a = 2h  tan(=2) (A.5.2)
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The diﬀerence in height is given by: h = cot(=2)  t.
For a given volume V , equation (A.5.1), together with equation (A.5.2), can be used to
calculate the height h of the corresponding pyramid:
V =
1
3

a2  h  (a  2t)2  (h h)
a2  h = 3V   (a  2t)2  (h h)
4h3  tan2(=2) = 3V + (2h  tan(=2)  2t)2  (h h) (A.5.3)
This expression can be solved graphically for h.
Depending on the product series of the probes, more or less detailed information about
the tip coating can be found in the data sheets from the manufacturer. As an example,
the listed values from the data sheet for the NANOSENSORSTM PPP-MFMR AFM probe
are used here:
 Remanent magnetization: MR = 300 emu cm 3 = 3 105Am 1
 Eﬀective magnetic dipole moment: meff = 1 10 13 emu = 1 10 16Am2
 Thickness of magnetic thin ﬁlm: t  50nm
 Opening angle of the tip:   40°
The eﬀective magnetic dipole moment meff given here, can be understood as a point
dipole description of the tip. It is calculated from the MFM signal measured on a cal-
ibration sample with a known magnetization. As the magnetic interaction is eﬀectively
conﬁned to a small volume Vinter at the end of the tip, the resulting eﬀective moment
meff is much smaller than the total magnetic moment of the whole tip. meff can be
used to describe the magnetic interaction with the sample within the point probe model.
This description requires knowledge about the position of the eﬀective point dipole, which
coincides with the center of mass of the interacting volume Vinter.
The shape of the interacting part of the tip can be approximated by a section of the tip
pyramid near its apex, with height heff and the volume Vinter (see ﬁgure A.5.2). Given
that the tip has a uniform mass density, the center of mass is equal to the centroid of the
interaction volume. It is located somewhere on the line segment that connects the apex
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Figure A.5.2.: Illustration of the fraction of magnetic material, that is eﬀectively inter-
acting with the sample in an MFM measurement. For the calculations
the interacting part of the tip is described by a section of the hollow
pyramid with height heff and the volume Vinter.
of the tip with the centroid of the base. If one assumes, that all mass is concentrated at
the surface of the four side walls, the centroid is situated at a distance of 1=3  h from the
base (centroid of pyramid shell without base). However, the thickness t of the ﬁlm can not
be neglected in comparison to the height heff . The precise computation of the centroid
by a geometrical decomposition of the body should therefore be used instead. The hollow
pyramid can be thought of as a superposition of an outer pyramid with the volume Vouter
and a smaller inner pyramid with a negative volume Vinner. The position of the centroid ~c
is then computed with:
~c =
~cinner  Vinner + ~couter  Vouter
Vinner + Vouter
; (A.5.4)
with ~cinner and ~couter being the centroid of the inner and the outer pyramid, which are
located at 1=4 of the respective heights (centroid of a solid pyramid), hinner and houter,
measured from the base. The volumes Vinner and Vouter are given by the equations (A.5.1)
and (A.5.2), taking into account that h = heff here. This, at last, solely leaves heff to be
determined.
By considering that the interaction volume can be determined from the eﬀective moment
meff and the remanent magnetization MR, we ﬁnd:
meff = MR  VWW
VWW =
meff
MR
= 3:33 10 22m3: (A.5.5)
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Now the height heff can be computed by solving equation (A.5.3) for h, which yields:
heff = 186:6nm: (A.5.6)
With equation (A.5.4) one eventually ﬁnds the position of the centroid ~c. Consequently,
the height of the point dipole above the apex of the tip is found to be:
zeff = 113:6nm: (A.5.7)
A.5.2. Calculation of the magnetic ﬁeld distribution of a conical
tip
The magnetic ﬁeld distribution in the vicinity of a standard MFM tip, which is shown in
ﬁgure 4.5.10 of section 4.5, was calculated using the ﬁnite element micromagnetic simula-
tion package Nmag that has been developed at the University of Southampton, UK [27]1.
In order to process this micromagnetic simulation, one ﬁrst has to deﬁne the underling
geometry of the simulation. Here, a geometric model of the tip, similar to the one that was
presented before (ﬁgure 4.5.6 of of section 4.5), was used. The magnetic material of the
tip is described as a hollow cone with a wall thickness t = 50nm, the height h = 200nm
and a base radius of R = 73nm (ﬁgure A.5.3). The apex of the tip is represented by a half
sphere that has a radius of r = 50nm. To achieve suﬃcient detail at reasonable calculation
times, only the foremost part of the tip was modeled (a height h = 20nm compared to the
total height of the tip htip  15m), therefore ignoring small magnetic ﬁeld contribution
from the rest of the tip.
In the next step, a ﬁnite element mesh is generated by using the previously deﬁned geom-
etry of the system. For this purpose, the mesh generation software NETGEN, developed
by Joachim Schöberl, was used. The result of the mesh generation is presented in ﬁgure
A.5.4. For the sake of a clear illustration, one half of the mesh has been clipped to reveal
the elements inside the mesh. Two domains, that will represent two diﬀerent materials
in the next steps, have been assigned to the mesh. The ﬁrst one is the magnetic coating
of the tip (green part), the second one is the surrounding space (rectangular, 800nm x
600nm) where the magnetic ﬁeld will be measured and the non-magnetic inner part of the
tip (red part).
Now, the generated mesh is fed into the NMAG simulation. This involves the assignment
of materials to the diﬀerent domains. As no dynamical processes are simulated here, the
1 The software is provided free and open source. It can be found under the following URL:
http://nmag.soton.ac.uk/nmag/.
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h
R t
r
Figure A.5.3.: Geometric model of the thin ﬁlm magnetic coating of an MFM tip.
material is solely deﬁned by its saturation magnetization. In the case of the magnetic tip
coating, a saturation magnetization of MS = 300 kAm 1 was chosen. The surrounding
space, that might be interpreted as air, was artiﬁcially made non-magnetic by assigning
a very low saturation magnetization of MS = 1 10 10Am 1. This is necessary because
NMAG does not explicitly provide non-magnetic materials on its own terms.
At last, a magnetization direction is appointed to all positions in the mesh. The mag-
netization in the surrounding medium is not relevant, so it was arbitrarily chosen to be
directed in  z-direction. The magnetization in the tip coating is set diﬀerently for the cap
at the end than for the rest of the tip. In the half-sphere of the tip apex, the magnetization
is ~M =  MS  ~ez. In the upper part, the magnetization points towards the end of the tip
at every point.
Having thereby thoroughly described the system for the simulation, the demagnetizing
ﬁeld is computed in every point of the simulation space by Nmag, based on the hybrid
ﬁnite element/boundary element method by Fredkin and Koehler [87].
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Figure A.5.4.: Finite element mesh of the simulated system generated with NETGEN:
One half of the mesh has been clipped to reveal the elements inside the
mesh. Two mesh domains are visible (red and green part of the mesh):
the magnetic coating of the tip (green part) and the surrounding space
(red part) where the magnetic ﬁeld will be measured. The second
domain also includes the non-magnetic inner part of the tip
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